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Large-scale petrochemicals are typically produced using petroleum olefins as 
a feedstock. The desire to move toward a sustainable and environmentally 
friendly chemical industry has lead to interest in the use of bio-derived 
feedstocks such as alcohols which are currently being produced on an 
increasingly large scale by fermentation or from synthesis gas. 
 
The research investigated the direct catalytic production of ethylene, 
acetaldehyde, ethylene dichloride (EDC), and ethylene oxide (EO) from 
ethanol. Two approaches were considered: a) the use of a bi-functional 
catalyst that combines the dehydration capability with ethylene conversion 
and b) the use of a double catalytic bed system where ethanol was dehydrated 
over the 1st bed and the product ethylene was converted over the 2nd bed to 
yield the desired petrochemical product.  
 
The dehydration of ethanol was carried out over several zeolites at different 
operating temperatures, producing mainly ethylene and diethyl ether.  
 
The catalytic selective oxidation of ethanol was tested over silver and/or 
copper compounds supported on several zeolites. The effects of operating 
conditions, metal loading, and zeolite acidity were determined. High 
selectivity to acetaldehyde was achieved. Unfortunately, the direct production 
of EO from ethanol could not be achieved. 
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The catalytic oxychlorination of ethanol was investigated using CuCl2 as the 
active compound and zeolites were used as either a support or as a pre-bed. 
EDC was produced via ethylene oxychlorination as well as the 
oxychlorination and disproportionation of ethyl chloride. The effects of 
operating conditions and CuCl2 loading were determined. Higher EDC yield 
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1. Chapter 1. Introduction 
1.1. Background 
Industrial chemistry has evolved from using natural plant oils, coal tars and 
wood tars to an industry that today generates, world wide, 100’s of millions 
tons/year of products from petroleum and natural gas. The change in 
feedstock choice over the last century is the result of the components in 
petroleum and natural gas providing the industry with the lowest combined 
cost of raw material and processing. However, starting in 2000, the world 
experienced a rapid increase in the price of petroleum and natural gas that 
reached over $150/bbl of crude petroleum in 2008. The rapid increases with 
significant fluctuations were the results of numerous production trends, 
booming Asian growth, short-term natural events (e.g. hurricanes), and the 
geopolitics of oil. These rate increases and fluctuations contribute to 
uncertainty in the near-term price and availability of petroleum feedstocks. 
More over, the emitted CO2 from using petroleum-products raised growing 
worldwide concerns for global climate change[1].The continued use of fossil 
fuels to meet the majority of the world’s energy demand is threatened by 
increasing concentrations of CO2 in the atmosphere and concerns over global 
warming[2]. 
 
As concern about global warming, the fluctuating prices, and uncertain 
availability of petroleum feedstocks grows, the search for renewable energy 
sources that reduce CO2 emissions has lead to interest in the use of bio-
derived feedstocks such as alcohols which are currently being produced on an 
increasingly large scale by fermentation or from synthesis gas, which itself 
can be produced by gasification of bioderived material. Bioethanol has been 
widely tested and commercialized as a vehicle fuel. It has been proposed to 
use bioethanol to produce diethyl ether and then mix them to replace diesel 
fuel in order to obtain a higher vapor pressure, higher octane number, higher 
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latent heat and environmentally clean fuel[3]. An other approach is the 
production of H2 fuel cells via bioethanol steam reforming[4, 5]. There are, 
already, industrial scale plants for the production of high grade ethylene from 
bio-ethanol. Ethylene reacts by addition to many inexpensive reagents such as 
water, chlorine, hydrogen chlorine, and oxygen to produce valuable 
chemicals. Ethylene oxide is the most important oxidation product of 
ethylene. World consumption of ethylene oxide in 2007 was around 20 
million ton annually. The use of bio-derived ethylene for the production of 
ethylene oxide and ethylene glycol has been implemented in an integrated 
process in India since 1989[6]. The direct addition of chlorine to ethylene 
produces ethylene dichloride. EDC belongs to those chemicals with the 
highest production rate. Production of vinyl chloride monomer comprises 
94% of EDC use. The worldwide consumption of EDC reached a level of 
40million ton in 2009. Commercial scale plants have been commissioned for 
the production of polyethylene and PVC from bio-based ethylene in Brazil [6, 
7].  
 
1.2. Research Objectives  
Most existing commercial processes for the production of large scale 
petrochemicals are based on petroleum olefin feed stocks. Very few plants are 
using bio-based olefins [6, 7]. All these processes are operating either in a 
typical stand alone system where ethylene is bought from another plant or in 
an integrated system where olefins (petroleum-based or bio-based) are 
produced at the same plant. There are no existing plants that produce large 
scale petrochemicals directly from alcohol (except for the production of 
ethylene) in a single stage, single reactor process. The development of single-
stage processes, in which bioalcohols are converted directly to bulk 
chemicals, would provide greater process intensification.  
 
This research was aimed to investigate the direct catalytic production of large 
scale petrochemical products from bioalcohols. In particular, the direct 
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catalytic production of ethylene, acetaldehyde, ethylene dichloride (EDC), 
and ethylene oxide (EO) from bioethanol was studied. Two approaches were 
considered:  
a) The use of a bi-functional catalyst that combines the dehydration 
capability with ethylene conversion.  
b) The use of a double catalytic bed system where ethanol was 
dehydrated over the 1st bed and the product ethylene was converted 
over the 2nd bed to yield the desired petrochemical product.  
1.3. Research strategy 
1. Both proposed approaches; either the bi-functional or the double bed 
catalytic systems require a detailed understanding of the available 
technology, catalysts, and chemistry involved in the production of the 
targeted petrochemical products. Therefore, a wide literature review is 
required covering the following processes: 
a. Alcohol dehydration 
b. Acetaldehyde production 
c. Ethylene oxide production 
d. Ethylene dichloride production 
 
The outcome of such review would provide the basis on which the 
types of catalysts to be screened, operating conditions such as 
temperature, pressure, feed composition, and space velocity will be 
decided.  
2. Design and build an experimental setup that is capable to perform all 
necessary reactions, catalysts screening, and kinetic studies required 
to achieve the objectives of this research. 
3. Optimize the yield of the desired products by investigating the effect 
of several factors such as catalyst acidity and structure, the nature and 
loading levels of the active compounds, operating conditions, and feed 
compositions. 
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4. Understand the chemistry behind the direct production of the target 
products from alcohol by investigating different reaction routes via 
different proposed intermediates. 
5. Understand the performance of the tested catalysts by the means of 
different characterizing techniques such as TPR, BET, XRD, ICP, 
TEM, EDS, and XPS.  
1.4. Thesis structure 
 
This thesis is structured in 9 chapters as follows: 
 
Chapter 2 reviews the recent developments either theoretical or existing 
commercial technologies for the production of bioalcohols, ethanol 
dehydration, ethanol selective oxidation, and the production of EO and EDC 
from ethylene. Any prior work in the direct production of the target products 
from ethanol is also included. 
  
Chapter 3 summarizes the experimental setup used to achieve the objectives 
of this research. The analytical techniques used for products identification and 
catalyst characterization are also highlighted. 
  
Chapter 4 details and discusses the results obtained for the dehydration of 
ethanol which was carried out over several zeolites with different surface 
acidity and structures at different operating temperatures, producing mainly 
ethylene and diethyl ether. At low temperature, diethyl ether (DEE) was the 
main product, reaching a maximum value as the temperature increased. At 
higher temperatures the selectivity to DEE decreased at the same time as 
ethylene production increased.    
 
Chapters 5 and 6: The catalytic selective oxidation of ethanol was tested 
over silver and/or copper compounds supported on H-mordenite, Y-zeolite, 
ZSM-5 with different SiO2 to Al2O3 ratios, Al2O3, and SiO2 catalysts. The 
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results are summarized and discussed in chapters 5 and 6. The effects of 
operating conditions, metal loading, and zeolite acidity were determined. 
High selectivity to acetaldehyde was achieved. Unfortunately, the direct 
production of EO from ethanol could not be achieved. 
 
Chapters 7 and 8: The catalytic oxychlorination of ethanol was investigated 
using CuCl2 as the active compound and zeolites were used as either a 
support, chapter 7, or as a pre-bed, chapter 8. The zeolites used were H-
mordenite, Y-zeolite, ZSM-5 with different SiO2 to Al2O3 ratios, and 
silicalite. As a 2nd bed, a conventional ethylene oxychlorination catalyst was 
used. EDC was produced via ethylene oxychlorination as well as the 
oxychlorination and disproportionation of ethyl chloride. The effects of 
operating conditions and CuCl2 loading were determined. Higher EDC yield 
was achieved over the dual-bed system, 80%, compared to the bi-functional 
catalyst, 60%.  
 
Chapter 9 summarizes the conclusions of this research, highlights its 
significance and potential impact and outlines the proposed recommendations 
and future work. 
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2. Chapter 2. Literature 
Review 
The direct production of both ethylene oxide and ethylene dichloride from 
ethanol is a very new field for research. Only a couple of references have 
been found studying these reactions.  Therefore, in this chapter, the available 
typical industrial process for the production of bio-alcohols, ethylene from 
ethanol, ethanol selective oxidation, and ethylene oxide and ethylene 
dichloride from ethylene will also be highlighted. 
 
2.1. Bio-alcohols production 
Alternatives to petroleum-derived fuels and chemicals are being sought in an 
effort to improve air quality and increase energy security through 
development of novel technologies for the production of synthetic fuels and 
chemicals using renewable energy sources such as biomass. In this context, 
ethanol is being considered as a potential alternative synthetic fuel to be used 
in automobiles or as a potential source of hydrogen for fuel cells as it can be 
produced from biomass. Renewable ethanol can also serve as a feedstock for 
the synthesis of a variety of industrial chemicals and polymers. Currently, 
ethanol is produced by two major processes: (1) fermentation of sugars 
derived from corn or sugar cane and (2) hydration of petroleum-based 
ethylene. Although the hydration of ethylene over a solid acid catalyst is used 
for the production of industrial-grade pure ethanol[8] the fermentation of 
sugars is a biological process for producing beverage-grade alcohol 
containing about 14% ethanol. The ethylene hydration route is unattractive 
for large-scale production of ethanol because of rising crude oil prices and the 
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dependence on imported oil. The fermentation route is commercially 
practiced for the production of most of the ethanol produced today. 
 
Gasification of biomass to syngas (CO + H2), followed by catalytic 
conversion of syngas, could produce ethanol in large quantities. However, the 
catalytic conversion of syngas to ethanol remains challenging, and no 
commercial process exists as of today although the research on this topic has 
been ongoing for the past 90 years[9]. Syngas as a building block can be 
converted into ethanol and higher alcohols, either directly or via methanol as 
an intermediate. The reaction network consists of a complex set of numerous 
reactions, with multiple pathways leading to a variety of products that are 
controlled by kinetic and thermodynamic constraints. Methanol formation is 
favored at low temperature and high pressure; however, at high pressures, the 
formation of high alcohols increases as the temperature increases at the 
expense of methanol and hydrocarbon formation. To maximize higher alcohol 
formation, the H2/CO ratio should be close to the usage ratio, which is about 
1. Lower H2/CO ratios favor CO insertion and C–C chain growth[10]. At 
least three different methods are known in the literature for the catalytic 
conversion of syngas to ethanol and higher alcohols[11-13] (i) Direct 
conversion of syngas to ethanol, wherein selective hydrogenation of CO 
occurs on a catalyst surface to produce ethanol directly. (ii) Methanol 
homologation, which involves reductive carbonylation of methanol over a 
redox catalyst surface to make a C–C bond and produce ethanol (iii) A 
multistep ENSOL process, wherein syngas is first converted to methanol over 
a commercial methanol synthesis catalyst followed by methanol 
carbonylation to acetic acid in the second step and, then, subsequent 
hydrogenation of acetic acid to ethanol in the third step. Among these three 
routes, both methanol homologation through reductive carbonylation and the 
ENSOL process have been developed to pilot scale; however, none of them 
has been commercially practiced yet[9]. The ENSOL process involves 
multiple steps and employs different types of catalysts, including the 
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traditional Rh-based carbonylation catalyst for the conversion of methanol to 
acetic acid and a hydrogenation catalyst for the conversion of acetic acid to 
ethanol. Methanol homologation via reductive carbonylation has been 
studied; however, ethanol yield and selectivity via this route are lower than 
commercially accepted levels. The direct synthesis of ethanol via 
hydrogenation of CO is the most extensively studied pathway[14]. Depending 
on the type of catalyst used, both the direct synthesis and the methanol 
homologation via reductive carbonylation reactions are accompanied by a 
host of side reactions leading to a variety of products, including methane, C2–
C5 alkanes and olefins, ketones, aldehydes, esters, and acetic acid[9, 14]. 
Methanation can be particularly significant via hydrogenation of CO, which is 
highly exothermic and consumes a significant amount of H2.  
2.2. Ethanol dehydration 
Alcohol dehydration to form ethylene and/or diethyl ether is an important 
industrial process. Different transition metal oxide catalysts were tested in the 
literature for the catalytic dehydration of ethanol. Examples of such oxides 
are titanium oxides[15, 16], magnesium oxides[17, 18], cobalt oxides[19], 
and Fe2O3/Al2O3[20]. Conventional solid catalysts with acidic character were 
considered to have high activity for this reaction at temperature levels above 
400oC. The main products for the dehydration of ethanol are ethylene and 
diethyl ether where the later is usually produced at lower temperature than 
ethylene.    
 
It is not clear what the exact reaction path is for the production of ethylene in 
the ethanol dehydration. However, according to the production trends of both 
diethyl ether and ethylene, two reaction paths were suggested. The first is that 
ethylene is produced via diethyl ether [21]. The second proposed reaction 
path is that ethylene is produced directly from ethanol parallel to the 
production of diethyl ether [18, 22]. However, it is expected that ethylene is 




Due to their higher activity than the conventional solid acid catalysts, H-
mordenites, H-ZSM5, H-beta-zeolite and heteropolyacid catalysts (HPA) 
were also considered in the dehydration reaction of alcohols[23-26]. For 
ethanol dehydration reaction, TPA, STA, and MPA heteropolyacid catalysts 
were found to be active at temperatures lower than 300oC. 94% ethanol 
conversion and 73% ethylene selectivity was achieved over TPA catalyst at 
250oC[25]. 
 
Among the zeolite catalysts, H-mordenite was found to be the most active for 
ethanol dehydration[21]. 94% and 53% ethylene yield can be achieved over 
H-mordenite with SiO2/Al2O3 ratio of 20 and 90 respectively at 180
oC 
reaction temperature. ZSM-5 zeolite was the most studied [21, 22, 24, 27-31]. 
Almost 100% ethylene yield can be achieved at temperatures lower that 
300oC[32]. It was reported that the Si/Al ratio controls the performance of the 
catalysts. By decreasing the Si/Al ratio, the number and strength of acid sites 
can be increased and therefore increasing the dehydration activity of the 
catalyst[21, 28]. However, the increase in alumina content results in a less 
stable catalyst[21]. Moreover, the increase in the acidic strength of the 
catalyst results in increasing further reactions of ethylene producing higher 
olefins and heavier hydrocarbons. This was compensated by modifying the 
zeolites with other components such as phosphorus materials[33]. Another 
approach to enhance the selectivity to ethylene is by operating at high gas 
hourly space velocity (GHSV)[22].  By decreasing the residence time, further 
reactions can be reduced while maintaining the total ethanol conversion. 
 
The presence of water in the feed stream caused some reduction in ethanol 
conversion. Water is expected to adsorb more strongly than ethanol on the 
catalyst surface, causing reduction in number of available active sites for the 
chemisorption of ethanol. On the other hand, the presence of water enhances 
the stability of the catalysts by preventing coke formation[34]. Small amounts 
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of ethane, acetaldehyde, propene, and butenes were reported to be produced 
as by products[24]. 
 
In general, the acid-base properties govern the activity and selectivity of the 
catalyst towards ethanol conversion. It is believed that the stronger the acid 
sites the higher the ethylene selectivity while the presence of base sites 
decreases it[17].   
 
2.3. Ethanol selective oxidation 
The interest for hydrogen production from ethanol has led the focus of 
ethanol oxidation research, particularly, ethanol steam reforming, and ethanol 
dehydrogenation. However, few studies investigated the partial oxidation of 
ethanol for the purpose of acetaldehyde production in the last few years[35]. 
The product distribution for the selective ethanol oxidation depends on the 
nature of the active metal or metal oxide as well as the nature of the 
support[36]. Vanadia catalysts were found to be efficient for the selective 
oxidation of ethanol to produce acetaldehyde [37-40]. The redox ability of 
vanadium to alternate between different valence states was responsible for the 
catalyst activity for ethanol oxidation[37]. Noronha et.al. compared different 
active metals supported on CeO2 and established that a higher selectivity to 
acetaldehyde can be achieved over Co catalyst compared to Pt and Pd 
catalysts[41]. 
 
As an example for the effect of the support, Tsuruya et.al. reported in 2 
separate papers that while higher acetaldehyde selectivity can be obtained 
over Cu/Co ion exchanged Y-zeolite, CO and CO2 were the main products 
over Cu/Co ion exchanged ZSM-5[27, 42]. Another example on the effect of 
support is by comparing the results reported by Hensen et.al.[43]  and Sheng 
et.al.[44]. Both used gold as active metal, however, a higher acetaldehyde 
selectivity was achieved when silica was used as the support compared to 
CeO2. 
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2.4. Ethylene Oxide production 
2.4.1. Introduction 
Ethylene oxide, manufactured from ethylene feedstock, always features 
among the top 50 bulk organic chemicals and, in turn, serves as feedstock for 
the manufacture of ethylene glycol and other commodity chemicals. It is 
produced commercially over a silver catalyst, supported on a non-porous 
form of α-alumina. This process was introduced by Union Carbide in 1937 
and by Shell in 1956 to replace the practice of ethylene oxide production via 
the chlorohydrin process[45]. 
 
Epoxidation represents one of the mildest forms of oxidation possible. It is 
unusual in that it requires activation of a C==C double bond without rupture 
of both bonds in the linkage. Ethylene epoxidation to ethylene oxide is a two 
electron oxidation for the reaction and is one of the least exothermic of 
commercial oxidation reactions. 
 
C2H4 + 0.5O2 → C2H4O       (1) 
 
In principal, the reaction is atom efficient but there is a very strong 
thermodynamic driving force towards the total oxidation reaction.  
 
C2H4 + 3O2 → 2CO2 + 2H2O       (2)
  
No catalyst appears to exist which gives 100% selectivity to the epoxide even 
at very low conversions, but selectivity to the epoxide above 80% can be 
achieved for conversions up to 60%[46]. 
 
2.4.2. Technology for ethylene oxide production 
Ethylene oxide is manufactured by the direct oxidation of ethylene over a 
promoted silver catalyst in multi-tubular fixed bed reactors in recycle 
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conditions. The majority of modern plants operate with pure oxygen although 
a number of older plants still use air. A typical modern plant produces about 
250 ktonne yr-1. 
The process can be divided into three sections, namely the reaction system, 
ethylene oxide recovery and ethylene oxide purification. A simplified flow 
sheet for an oxygen based direct oxidation process for ethylene oxide 
production is shown in Figure 2.1 and typical feed gas compositions and 
reactor operating conditions are shown in Table 2.1. 














Table  2.1 Operating conditions for the oxidation of ethylene to 
ethylene oxide over promoted silver catalysts[46]. 
Parameter Range 
C2H4, mol% 20–35 
O2, mol% 4–8 
CO2, mol% 5–10 
C2H6, mol% 0–1 
C2H4Cl2, ppm 1–10 
Temperature, oC 217–237 
Pressure, bar 2–3 
GHSV, h-1 2000–4500 
Ethylene conversion, % 8–12 
Ethylene oxide selectivity, % 75–82 
 
The reactor operates below the lower flammability level of ethylene oxide. 
Unreacted ethylene is recycled[47]. The reactor is usually of the shell and 
tube type comprising several thousand mild steel or stainless steel tubes, 20–
50 mm inside diameter. Tube lengths are in the range 6–12 m and the Ag/α-
Al2O3 catalyst is in the form of 3–10 mm diameter particles. 
 
The oxygen based process uses almost pure oxygen. This reduces the amount 
of inerts introduced into the stream and allows a more complete recycle of 
unreacted ethylene. Oxygen and ethylene are separately introduced into the 
recycling stream and the reactor effluent is passed through a heat exchanger 
and into a water absorption column. A typical high capacity plant may have 
several reactor-absorber units in series. Ethylene oxide is recovered in the 
water stream and is directed to the purification unit. Unreacted ethylene is 
directed to the recycle stream. This stream is passed through a CO2 removal 
unit and a part of the stream is purged.  
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In the purification unit, ethylene oxide is removed by steam stripping 
following feeding into the top section of a desorber unit and the almost pure 
water generated is recycled to the absorber units. Further purification of the 
ethylene oxide is required to remove small amounts of carbon dioxide and 
traces of acetaldehydes, ethane and ethylene  
 
2.4.3. Catalyst composition and performance 
The support material is important[45]; currently preference is given to α-
Al2O3 with a very low surface area (<1 m
2g-1). Even with the high activity of 
supports with higher surface area, ethylene oxide would diffuse slower with 
smaller pores and therefore can be further oxidized[48]. 
 
The alkali metal promoter tends to be less than 0.05 wt%. The  presence of 
alkali metal salts, such as those of cesium, increases the selectivity of the 
epoxidation without significantly affecting the rate of the selective oxidation 
reaction[49]. A combination of rhenium, sulfur, tungsten and molybdenum 
can improve the selectivity to 90%[50].   
 
Chlorine source is added to the feed gas in very small amounts because, like 
cesium, it inhibits the total oxidation reaction. The chlorine source reacts with 
silver generating a surface partially covered by AgCl. However, too much 
chlorination stops all reactions. The addition of alkali metals, such as barium, 
and small amount of ethane can prevent overchlorination[46].  
 
While kinetic studies indicate involvement of adsorbed oxygen species in the 
epoxidation of ethylene, they do not shed any light on the nature of these 
species. The essential question is to know which form of oxygen (adsorbed 
molecular on the silver surface, atomic oxygen on silver, and oxygen under 
the surface of silver) is involved in the epoxidation mechanism.  
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The simplest argument put forward to elucidate the nature of the active form 
of oxygen is that six ethylene molecules could react with six molecules of 
adsorbed oxygen to yield six molecules of epoxide, but this would have to 
leave a residue of six atomic oxygen species on the catalyst surface which 
would have to be removed by combustion of one molecule of ethylene. This 
argues that the maximum selectivity that could be achieved in ethylene 
epoxidation is (6/7)×100[51]. This hypothesis is no longer supported because 
the 6/7 or 86% selectivity barrier has now been exceeded with the most 
modern of catalysts and technologies[52].  
 
2.4.4. Ethylene oxide production from ethanol in a single step 
Only one attempt has been reported to produce ethylene oxide directly from 
ethanol[53]. Using activated bauxite and reduced silver as catalyst, barium 
peroxide as promoter and oxides of nitrogen as additional oxidizing medium; 
it was reported to produce ethylene oxide directly from ethanol in 10 per cent 
yield in a single step at 250oC and space velocity around 1800h-1. The ethanol 
conversion was less than 50% where more than 45% of the converted ethanol 




2.5. Ethylene dichloride production, EDC 
2.5.1. Introduction 
EDC belongs to those chemicals with the highest production rate. Production 
of vinyl chloride monomer comprises 94% of EDC use while the remaining 
goes to the production of ethylene amines, 1,1,1-trichloroethane and 
vinylidene chloride. The worldwide consumption of EDC reached a level of 
32million tons in 1999[54]. 
 
EDC is produced by the chlorination of ethylene. It can be either carried out 
using chlorine (direct chlorination)  
 
C2H4 + Cl2 → ClH2CCH2Cl        (3) 
 
or hydrogen chloride (oxychlorination) as a chlorinating agent [55] 
 
C2H4 + 2HCl + ½O2 → ClH2CCH2Cl + H2O       (4) 
 
The typical catalyst for the oxychlorination reaction includes CuCl2 and 
minor amount of product inhibitors such as potassium, sodium, lithium, or 
magnesium. Byproducts of ethylene oxychlorination are monochloroethane, 
vinyl chloride, 1,1,2-trichloroethane, 1,1-dichloroethylene, cis-and trans-1,2-
dichloroethylene, tetrachloroethanes and chloral. The ethylene feed is 






2.5.2. Technology for EDC production 
A common characteristic of all ethylene oxychlorination process is the 
catalytic gas-phase oxychlorination at temperatures between 200 and 300 oC 
and pressures of 4 to 6 bar. HCl and ethylene conversions of 93-97% are 
achieved at contact time between 0.5 – 40 s with selectivities to EDC of 91 – 
96%[57]. 
 
In practice, both routes for the production of EDC are carried out together and 
in parallel. In the direct chlorination reactor, ethylene and chlorine react to 
give EDC. The product EDC is mixed with that from the oxychlorination 
reactor and separated from the heavy residues. The EDC thus purified is 
thermally cracked to vinyl chloride and hydrogen chloride. The effluent from 
the thermal cracker is quenched and fed to a separation unit. The hydrogen 
chloride is recycled to the oxychlorination reactor. Figure 2.2 shows a 















Figure  2.2 Simplified EDC production flow sheet 
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2.5.3. Catalyst composition and performance 
Copper chloride in one form or another seems to be the material choice for 
the reaction involving the oxychlorination of ethylene. Modern 
oxychlorination catalysts are usually made up of CuCl2, one or more alkali 
metal chloride and one or more rare earth chloride all supported on alumina. 
The K : Cu atomic ration is usually about 1:10 and rare earth : Cu ratio is 
usually 0.15:1[46]. 
 
Volatility of copper chlorides from catalysts used to be a problem prior to the 
use of KCl as a promoter. KCl is usually seen as a promoter that controls the 
volatility of the copper chloride phase. In addition LaCl3 and KCl both 
improve the rate of uptake of oxygen by the catalyst and therefore suppress 
the total oxidation reaction of ethylene[46].  
 
An overall mechanism of oxychlorination was proposed where ethylene 
reacts with a copper chloride surface yielding EDC but leaves behind a 
reduced and dechlorinated surface; HCl alone reloads the CuCl2 phase slowly, 
but this process is much more rapid when gas phase oxygen is present. 
Oxygen reoxidizes the catalyst, probably via an oxychloride intermediate and 
this reoxidized form reacts with HCl to form CuCl2[46]. 
 
2.5.4. EDC production from ethanol in a single step 
No scientific literature has been found reporting the oxychlorination of 
ethanol to EDC. US patent 2,442,285 (1948) claimed a process for the direct 
production of EDC from ethanol at 230 – 290oC over alumina supported 
CuCl2 catalyst containing NaCl [58]. A good yield of EDC was reported but 
no performance data was given. In 1990 Dow also proposed a single stage 
process for the production of EDC by feeding ethanol, air and HCl over a 
CuCl2/silicalite catalyst at temperature range between 225 and 275 
oC[59, 
60]. They claimed 90+% conversion of ethanol with 27% selectivity to EDC. 
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The byproducts were ethyl chloride, 59 vol% and ethylene, 13vol%. They 
further claimed that the produced ethyl chloride can be converted to EDC via 
the disproportionation reaction. The space velocity used in their example was 
very low, about 250h-1.  Also, the oxygen feed concentration (air was used) 
was much higher than needed according to the stoichiometric equations of 
ethylene to EDC and ethyl chloride to EDC. No publication was found 
studying the direct conversion of ethanol to EDC in the scientific literature.  
 
2.6 Literature summary 
 
• Ethanol dehydration reaction is governed by the acid-base 
property of the catalyst. From an operating conditions point of 
view as well as ethylene productivity, zeolite catalysts are the 
most promising for our study. The acidity of the zeolite can be 
modified by changing the SiO2/Al2O3 ratio as well as by 
blocking the acid site by other compounds such as metals and 
metal oxides. 
 
• Alumina supported silver metal is the most efficient catalyst 
for the epoxidation reaction of ethylene to produce ethylene 
oxide in the chemical industry. 230oC reaction temperature, 
2000h-1 GHSV and 5:1 ethylene:O2 feed ratio are the typical 
operating conditions. More over, the research showed that the 
addition of copper to the silver catalyst can improve the 
selectivity to EO. The special ability of silver to selectively 
produce ethylene oxide can be the promising active compound 
to be used for the direct production of ethylene oxide from 





• Alumina supported CuCl2 catalyst is the most commonly used 
catalyst for the oxychlorination reaction of ethylene to produce 
diethyl chloride. Reaction temperature less than 300oC, 
12000h-1 GHSV and 2:1 ethylene:O2 feed composition are the 
typical operating conditions. CuCl2 active compound is to be 




















3.1 Experimental setup 
The experimental setup consists of 3 reactors: two steady state reactors made 
of s.s. ½” tubing and a ¼” quartz reactor for temperature programmed 
analysis. At any time, 2 reactors can be operated in parallel. One of the steady 
state reactors was designed to operate with HCl in the feed and halogenated 
products in the reactor and effluent lines. Figure 3.1 shows a complete 
























3.1.1 Design considerations 
The design of the experimental setup considered the following points: 
• The presence of chlorinated corrosive materials in the feed 
and/or reactor effluent lines. Solutions:  
 The use of a separate reaction system to be used only 
for EDC production experiments or any other 
experiments where chlorinated reactants/products 
might be expected. 
 The use of PFA tubing lines prior and after the reactor. 
 The use of glass-walled s.s. tubing as mixer/preheater 
for the feed gases before the reactor. 
 All tubings and valves are trace-heated at 150oC to 
avoid any condensation. 
 The use of NaOH solution and Norit activated carbon 
as scrubbers for any unreacted HCl and halogenated 
products 
• The need to operate at minimum pressure drop through the 
reactor, but, at the same time, being able to operate at a high 
range of gas hourly space velocity, GHSV. Solutions: 
 The use of ½” size reactor instead of the typical ¼” 
size used in typical lab scale setups 
 The use of catalysts particle size between 0.5 and 
0.85mm to minimize the pressure drop  
• Ethylene epoxidation and oxychlorination reactions are highly 
exothermic and, therefore, hot spots through the reactor should 
be minimized. Solutions: 
 Diluting the catalyst with inert material, in this case, 
silicon carbide. The silicon carbide particles have the 
same size as the catalyst. The dilution ratio of silicon 
carbide to catalyst volumes is 4:1. The use of the inert 
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material, also, helps in maintaining the same solid 
material volume in the catalyst even if the actual 
catalyst volume was either increased or decreased as a 
mean to change the operating GHSV.  
  
3.1.2 Setup for chlorinated steady state reactions 
The setup consists of 5 gas mass flow controllers calibrated for ethylene, air, 
HCl, argon, and N2/ethyl chloride. The calibration was carried out at constant 
pressure and temperature using a bubble meter. The flow rates were measured 
at different set points and at each set point, five measurements were taken to 
calculate the average. Liquid ethanol was pumped into an evaporator/mixer 
(counter current configuration and at 150oC) using a pre-calibrated syringe 
pump where it mixed with an Ar flow. The ethanol/argon mixture was then 
fed into a mixer/pre-heater, made of glass walled s.s. tubing, where HCl and 
air were added to adjust the reactor feed composition. The reactor was a ½” 
s.s tube surrounded by an aluminum heating block. The heating was supplied 
electrically using 2 heating cartridges controlled by a temperature controller. 
The temperature was controlled by a thermocouple placed in the centre of the 
catalyst bed.  For experiments with ethyl chloride, ethyl chloride/N2 premixed 
gas was supplied to the feed gas mixer/pre-heater via a mass flow controller. 
To avoid corrosion and product reactions in the reactor exit lines, PFA tubing 
was used for all lines prior and after the reactor. The lines were trace heated 
to avoid any condensation. NaOH solution and Norit activated carbon were 
used as scrubber for any unreacted HCl and halogenated products. The 
product stream from the reactor was analyzed continuously by online FID GC 
with a Carbopack B column. 
 
3.1.3 Setup for non-chlorinated steady state and TPR reactions 
The setup consists of 3 gas mass flow controllers calibrated for H2, air, and 
argon. Liquid ethanol was pumped into an evaporator/mixer (counter current 
 38 
configuration and at 150oC) using a pre-calibrated liquid mass flow controller 
where it mixed with an Ar flow. The ethanol/argon mixture was then fed into 
a mixer/pre-heater where air was added to adjust the reactor feed 
composition. The steady state reactor was a ½” s.s tube surrounded by an 
aluminum heating block. The heating was supplied electrically using 2 
heating cartridges controlled by a temperature controller. The temperature 
was controlled by a thermocouple placed in the centre of the catalyst bed.  
The reactor effluent was condensed using ice and analyzed offline. The liquid 
sample was analyzed using HP-FFAP Agilent capillary column with FID 
detector, while the tail gas was analyzed using PorapakQ packed column with 
TCD detector and Alumina Plot Variant Capillary column with FID detector.  
For TPR experiments, the feed mixture was directed to a ¼” quartz reactor, 
electrically heated and temperature controlled by a thermocouple placed at 
the outer wall of the reactor. The product stream from the TPR reactor was 
analyzed continuously by online ESS mass spectrometer.  
3.2 Catalyst preparation, loading, and pretreatments 
Na-Mordenite(13), NH4-Y-zeolite(80), NH4-ZSM-5(280) and NH4-ZSM-
5(50) were obtained from Zeolyst and checked by XRD for phase purity. The 
number in parentheses is the SiO2/Al2O3 ratio as provided by the 
manufacturer. NH4-Mordenite was prepared by ion-exchange method with 
NH4NO3. 30g of Na-mordenite was mixed with 1L of aqueous solution 
containing 1M of NH4NO3 and the mixture was stirred at room temperature 
overnight. The solid was then filtered and washed with 1L of distilled water 
on a filter paper. This procedure was repeated 3 times. The NH4-mordenite 
was then dried at static air at 110oC overnight. Silicalite was prepared in our 
lab by dissolving 0.2g sodium hydroxide in 35g of analytical grade deionised 
water. Tetrapropylammonium hydroxide solution (3.5g, 20%) was added and 
the solution was stirred well while adding 20g of Ludox AS40 colloidal 
silica. The hydro-gel was, then, transferred into a Parr autoclave reactor 
equipped with PTFE lining and heated at 175oC for 4 days while rotating. 
Finally, the product was filtered, washed with deionised water and dried 
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overnight. The powder was calcined in a tubular furnace in air flow. The H-
forms of the zeolites were prepared by calcination at 550oC in air flow for 
10hrs.  
 
The Ti-nano tubes support was provided by Dr. Laura Torrente and was 
prepared by a hydrothermal method [61, 62]. 20 g of TiO2 (Fisher Chemicals) 
was added to 300mL of 10M NaOH solution and heated in an autoclave for 
20h at 140oC. After synthesis, the titanate nanotubes were washed several 
times with demineralised water. The powder was repeatedly washed with 
demineralised water and 0.1M H2SO4 until the pH of the wash was 
approximately 7. The sample was dried overnight at 120oC. 
 
The oxidation catalysts were prepared by incipient wetness method of the 
supports with an aqueous solution of silver nitrate and/or cupric acetate. The 
required amount of fluid to wet the zeolite, α-Al2O3, γ-Al2O3 or the Ti-nano 
tubes is dependent on the moisture content of the zeolite and was 
experimented with using distilled water to determine the optimum amount 
needed for the incipient impregnation technique. The required amount of the 
zeolite was weighed and the required concentration of silver nitrate and/or 
cupric acetate solution was prepared so that the optimum amount of solution 
needed to wet the zeolite completely contained the right level of Ag and/or 
Cu to achieve the required loading. The zeolite mixed with the solution was 
stirred with a spatula vigorously and for enough time to achieve a 
homogeneous mix (about 10 minutes). The mixture was then dried at 110oC 
overnight in static air. Once the catalyst was loaded in the reactor, it was 
calcined overnight at 400oC in a flow of air, then reduced at 230oC for Ag 
only catalysts or at 300oC for bimetallic catalysts using 50 vol.% H2 for 10h. 




Another method was used to prepare the epoxidation Ag on α-
Al2O3 catalyst[46]. The α-Al2O3 was pre-evacuated at 150
oC under vacuum 
for 3h. The impregnation solution was prepared by mixing 0.16g oxalic acid 
with 10.8g 6wt% ethylene diamine (EDA) aqueous solution and then 5.5g 
4wt% ethanolamine (EA) aqueous solution was added into the mixture. 0.42g 
Ag2O was gradually added to the prepared EDA-EA solution. The EDA-EA-
Ag solution was then added to 3g of α-Al2O3 support by incipient wetness 
method as explained above and was carefully evaporated to dryness. The 
obtained solids were then calcined at 500oC for 3h in a controlled atmosphere 
using nitrogen to give the final catalyst. 
 
 
Table  3.1 Examples of some of the prepared catalysts 
Cu, Cu(CH3COO)2 Ag AgNO3 Water Support 
wt% g wt% g cc 
5 0.4522 5 0.2486 
10 0.9546 5 0.2486 
ZSM-5 
(280) 
5 0.4522 10 0.5249 
1.8 
5 0.4522 5 0.2486 
10 0.9546 5 0.2486 Mordenite 
5 0.4522 10 0.5249 
1.3 
5 0.4522 5 0.2486 
10 0.9546 5 0.2486 Y-zeolite 




The CuCl2 supported zeolite catalysts were prepared by incipient wetness 
method of the H-form of zeolites with an aqueous solution of CuCl2.2H2O, 
and dried at 110oC overnight similar as described above. The oxychlorination 
catalyst, 14wt%CuCl2 + 5wt%NaCl on γ-Al2O3 , was prepared according to 
the procedure described in US patent 2,442,285 (1948)[58]. Once the catalyst 
was in the reactor, it was heated overnight at 300oC with argon flow. The 
temperature was then decreased to the reaction temperature and a flow of HCl 
and air was passed over the catalyst for 1 hour before introducing ethanol.  
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All catalysts were pelleted without a binder, crushed and sized to 0.5-
0.85mm. The required weight of catalyst was then diluted with SiC in order to 
i) avoid hot spots in the reactor, ii) ensure a uniform plug flow through the 
reactor, and iii) keep the volume of the catalyst bed (SiC+catalyst) constant 
for all experiments.  
3.3 Analytical methods 
3.3.1 Product analysis 
3.3.1.1 Gas Chromatograph 
Due to the different reactions investigated, four different gas chromatographs 
were used for the analysis of the reactor effluent. Three of them were 
equipped with FID detector, and the 4th was equipped with a TCD detector.  
 
GC analysis for ethanol oxychlorination reaction 
An online FID Shimadzu GC with a Carbopack B column was used. Using a 
temperature program (isothermal at 45oC for 4 min, increase of temperature 
up to 220oC with a heating rate of 8oC/min and then hold at 220oC for 5min) 
ethylene, ethyl chloride (EtCl), ethanol and EDC were easily separated at 
retention times of 1.9, 6.2, 6.8 and 15.1 min, respectively. The main by-
products were also readily identified. The response factors for chlorinated 
compounds were determined using a calibration mixture obtained from 
Restek. 
 
GC analysis for ethanol selective oxidation reaction 
Liquid samples were analyzed using an offline Shimadzu GC equipped with 
HP-FFAP Agilent capillary column with FID detector. Using a temperature 
program (isothermal at 35oC for 2 min, increase of temperature up to 220oC 
with a heating rate of 12oC/min and then hold at 220oC for 5min) DEE, 
acetaldehyde, ethanol and pentanol were easily separated at retention times of 
1.4, 1.5, 2.8 and 8.1 min, respectively. The main by-products were also 
readily identified. However, the separation of acetaldehyde and ethylene 
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oxide was not possible using this column. Therefore, to monitor the 
production of ethylene oxide, offline FID Shimadzu GC with a Carbopack B 
column was used. The response factors for all expected compounds were 
determined using premixed calibration mixtures containing of pentanol as 
external standard.  
 
Gas samples were analyzed using an offline Shimadzu GC equipped with 
PorapakQ packed column with TCD detector and offline Shimadzu GC 
equipped with Alumina Plot Variant Capillary column with FID detector. The 
TCD GC was used to determine H2, COx, methane, and ethylene 
concentration in the product line. The FID GC was used to monitor ethylene 
and C3+ production 
 
3.3.1.2 Mass Spectrometer 
Mass spectrometer, MS, was used for temperature programmed reactions, 
such as ethanol dehydration, and temperature programmed reductions. For 
ethanol dehydration reaction, the MS was calibrated by flowing premixed 
mixtures of ethanol, diethyl ether, water, and ethylene. For TPR 
measurements, H2 consumption was calibrated using a known amount of pure 
CuO obtained from Sigma Aldrich.   
 
3.3.1.3 Nuclear magnetic resonance spectrometer 
In order to confirm the production of certain products (ethylene oxide or 
acetaldehyde) , some of the liquid samples were analyzed using nuclear 
magnetic resonance, NMR-1H, spectrometer at the department of Chemistry 
at Imperial College. The condensed (in D2O) sample was collected directly at 
the exit of the reactor. To identify the nature of the product, a known sample 
of the suspected compounds was analyzed first. 
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3.3.2 Catalyst characterization 
3.3.2.1 Temperature Programmed Reduction 
The TPR analysis was conducted in a 4mm ID quartz reactor connected 
online to ESS mass spectrometer, MS. 300mg of calcined catalyst was heated 
at a rate of 10oC/min in a flow of 5vol% H2 in Ar. H2 consumption was 
calibrated using a known amount of pure CuO obtained from Sigma Aldrich. 
The results of the TPR measurements provided information about the metal 
content and reduction temperature.  
 
3.3.2.2 X-Ray powder Diffraction 
X-ray powder diffraction studies were conducted on a PANalytical X'Pert 
PRO X-ray diffractometer using Cu-Kα radiation (λ = 0.15418 nm). Data 
were collected over the 2θ range 5–80° with a step size of 0.004° and a count 
time of 7 s per step. 
 
3.3.2.3 Transmission Electron Micrograph 
Transmission electron micrographs, TEM, were acquired on a JEOL 2010 
electron microscope at the department of material sciences at Imperial 
College. The TEM was equipped with an acceleration voltage of 200 kV with 
interchangeable pole-pieces. Typically, a small amount of the reduced sample 
was ground and suspended in methanol, dispersed over a Cu grid with a holey 
carbon film. 
 
3.3.2.4 Energy Dispersive x-ray Spectroscopy 
Element microanalysis is done on the Oxford instruments ISIS EDS system at 
the department of material sciences at Imperial College. Similar to TEM 
analysis, a small amount of the reduced sample was ground and suspended in 
methanol, dispersed over a Cu grid with a holey carbon film 
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3.3.2.5 Inductively Coupled Plasma 
The Cu, Ag, Si and Al contents of the catalysts were determined using a PE 
Optima 2000 DV inductively coupled plasma, ICP. 50mg of catalyst was 
dissolved in 1cc 40vol% HF solution and then diluted with distilled water to a 
total volume of 50cc. Further dilution was carried out by mixing 5cc of the 
diluted sample with 10cc of distilled water. The response factors were 
determined by using a premixed standard solution consisting of the targeted 
metals. All measurements were only one point measurements and the 
instrumental error was less than ±1% in all cases.   
 
3.3.2.6 X-ray Photoelectron Spectroscopy 
The X-ray photoelectron spectroscopy (XPS) experiments were performed on 
a Kratos Axis Ultra-DLD photoelectron spectrometer using monochromatic 
Al-Kα radiation (photon energy 1486.6 eV) at Cardiff University. Survey 
scans were performed at a pass energy (PE) of 160 eV, while detailed scans 
were performed at PE 40 eV. All data were calibrated to the C(1s) signal, 
which was assigned a value of 284.7 eV, and attributable to adventitious 
carbon. All interpretations and calculations were carried out using CasaXPS 























Ethanol dehydration was investigated over zeolite and modified zeolite 
catalysts. H-Mordenite(13) was found to have the highest activity for ethanol 
dehydration with 95% ethylene yield at 230oC. The effect of varying the 
SiO2/Al2O3 ratio was conducted among the ZSM-5 zeolites. The activity to 
ethanol dehydration was, in descending order, ZSM-5(50), ZSM5(280) and 
silicalite (no alumina). The addition of Ag, Cu, and CuCl2 to the surface of 
the zeolites reduced the dehydration activity of the catalysts.  
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4.1 Introduction 
Ethylene is a crucial material for the petrochemical industry, which is derived 
mainly from steam-cracking of petroleum or natural gas feedstocks at reactor 
temperatures higher than 600oC. Due to the high production cost and high 
energy consumption, ethanol catalytic dehydration into ethylene is 
commercially applied only in a few countries, such as Brazil and India[15]. 
With the shortage of natural resources and energy, the unstable prices of 
crude oil, and also the environmental concerns, catalytic dehydration of 
ethanol (especially bioethanol) to ethylene has become a more competitive 
and promising route, and therefore has been drawing much attention[63]. 
 
Different transition metal oxide catalysts were tested in the literature for the 
catalytic dehydration of ethanol. Examples of such oxides are titanium 
oxides[15, 16], magnesium oxides[17, 18], cobalt oxides[19], and 
Fe2O3/Al2O3[20]. Conventional solid catalysts with acidic character were 
considered to have high activity for this reaction at temperature levels above 
400oC. The main products for the dehydration of ethanol are ethylene and 
diethyl ether where the latter is usually produced at lower temperature than 
ethylene. Small amounts of ethane, acetaldehyde, propene, and butenes were 
reported to be produced as by products[24].  
 
It is not clear what the exact reaction path is for the production of ethylene in 
the ethanol dehydration reaction. However, according to the production trends 
of both diethyl ether and ethylene, two reaction paths were suggested. The 
first is that ethylene is produced via diethyl ether [21]. The second proposed 
reaction path is that ethylene is produced directly from ethanol parallel to the 
production of diethyl ether [18, 22]. However, it is expected that ethylene is 
produced via both reactions at the same time depending on the activity of the 
catalyst and operating conditions. 
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Due to their higher activity than the conventional solid acid catalysts, H-
mordenites, H-ZSM-5, H-beta-zeolite and heteropolyacid catalysts (HPA) 
were also considered in the dehydration reaction of alcohols [23-26]. For the 
ethanol dehydration reaction, TPA, STA, and MPA heteropolyacid catalysts 
were found to be active at temperatures lower than 300oC. 94% ethanol 
conversion and 73% ethylene selectivity was achieved over TPA catalyst at 
250oC[25]. 
 
Among the zeolite catalysts, H-mordenite was found to be the most active for 
ethanol dehydration[21]. 94% and 53% ethylene yield can be achieved over 
H-mordenite with SiO2/Al2O3 ratio of 20 and 90 respectively at 180
oC 
reaction temperature. ZSM-5 zeolite was the most studied [21, 22, 24, 27-31]. 
Almost 100% ethylene yield can be achieved at temperatures lower that 
300oC[32]. It was reported that the Si/Al ratio controls the performance of the 
ZSM-5 catalysts. By decreasing the Si/Al ratio, the number and strength of 
acid sites can be increased thereby increasing the dehydration activity of the 
catalyst[21, 28]. However, the increase in alumina content results in a less 
stable catalyst[21]. Moreover, the increase in the acidic strength of the 
catalyst results in increasing further reactions of ethylene producing higher 
olefins and heavier hydrocarbons. This was compensated by modifying the 
zeolites with other components such as phosphorus materials[33]. Another 
approach to enhance the selectivity to ethylene is by operating at high gas 
hourly space velocity, GHSV[22].  By decreasing the residence time, further 
reactions can be reduced while, at the same time, maintaining the total 
ethanol conversion. 
 
The presence of water in the feed stream caused some reduction in ethanol 
conversion. Water is expected to adsorb more strongly than ethanol on the 
catalyst surface, causing a reduction in the number of available active sites for 
the chemisorption of ethanol. On the other hand, the presence of water 
enhances the stability of the catalysts by preventing coke formation[34].  
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In general, the acid-base properties govern the activity and selectivity of the 
catalyst towards ethanol conversion. It is believed that the stronger the acid 
sites the higher the ethylene selectivity while the presence of base sites 
decreases it[17]. 
 
The concept of this research is to develop a single stage catalytic process for 
the production of ethylene based petrochemicals directly from ethanol. The 
use of a bi-functional catalyst that combines the ethanol dehydration activity 
and further conversion of ethylene to the desired products is the key for such 
a process. The target products were ethylene oxide and ethylene dichloride 
which are typically produced at operating temperatures between 200oC and 
300oC. Therefore, the choice of the suitable ethanol dehydration catalyst that 
is active at this temperature range is important for this research.  
 
The purpose of this particular chapter is to screen some of the proposed 
catalysts in the literature for the catalytic dehydration reaction of ethanol. 
Zeolite catalysts were chosen as starting material for their high activity and 
ethylene selectivity at low reaction temperatures. The results confirmed what 
had already been established in the literature. H-mordenite(13) was found to 
have the highest activity for ethanol dehydration with 95% ethylene yield at 
230oC. Y-zeolite(80) and ZSM-5(50) had similar level of activity with 98% 
ethylene yield at 300oC. However, heavy hydrocarbon deposits were noticed 
over the Y-zeolite. The effect of varying SiO2/Al2O3 ratio was studied among 
the ZSM-5 zeolites. The activity to ethanol dehydration was, in descending 
order, ZSM-5(50), ZSM-5(280) and silicalite (no aluminum).  
4.2 Experimental 
Na-Mordenite, Y-zeolite, ZSM-5(280), and ZSM-5(50) were obtained from 
Zeolyst. NH4-Mordenite was prepared by ion-exchange method with 
NH4NO3. Silicalite was prepared in our labs as was shown in Chapter 3. The 
H-forms of the zeolites were prepared by calcination at 550oC in air for 10hrs.  
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The modified zeolites were prepared by incipient wetness method of the H-
form of ZSM-5, Y-zeolite, and mordenite with aqueous solutions of silver 
nitrate and/or cupric acetate. Catalysts were dried at 110oC overnight, then 
reduced at 230oC for Ag catalysts and at 300oC for Cu catalysts using 
50vol.% H2 for 10h. Some of the zeolites were impregnated with CuCl2 using 
a solution of copper chloride hydrate. 
 
A 10mm I.D. tubular flow reactor was used to study the gas phase reaction. 
The temperature of the reactor was controlled by a thermocouple placed in 
the middle of the catalyst bed. 0.7g of catalyst (0.5-0.85mm) was mixed with 
silicon carbide and placed in the middle of the reactor, and supported by 
quartz wool from both ends. Liquid ethanol was pumped into an 
evaporator/mixer (counter current configuration and at 150oC) using a liquid 
mass flow controller.  
 
All catalysts were tested in the range between 150 and 400°C. The ethanol 
feed composition and space velocity were kept constant at 40 vol% and 
8500h-1 STP respectively. The heating block was programmed to a heating 
rate of 3oC/min. However, the results obtained using the MS showed that 
ethanol conversion kept increasing even after reaching a constant 
temperature. It suggests that the reaction did not reach the steady state at this 
heating rate. Therefore, the heating rate was decreased to 0.5oC and the 
results confirmed a steady state conditions. Ethanol conversion and the 
selectivity values of DEE and ethylene were evaluated based on the chemical 
composition of the reactor effluent stream analyzed using online ESS mass 
spectroscopy. For some catalysts, to avoid contaminating the mass 
spectroscopy with any produced heavy hydrocarbons, the reactor effluent was 
condensed using ice and analyzed offline. The liquid sample was analyzed 
using HP-FFAP Agilent capillary column with FID detector, while the tail 
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gas was analyzed using PorapakQ packed column with TCD detector and 
Alumina Plot Variant Capillary column with FID detector. 
 
4.3 Results and discussion 
4.3.1 Ethanol dehydration over zeolite catalysts 
The conversion of ethanol over zeolite catalysts was studied in a temperature 
range between 150 and 400oC. Initially, at 150oC, no conversion of ethanol 
was observed. As the temperature increased, two products were detected: the 
lower temperature product on the m/z = 74 trace can be assigned as diethyl 
ether, DEE, and the higher temperature product is the ethylene, which was 
assigned to signal at m/z = 26. The production path of diethyl ether and 
ethylene was consistent with the literature[21]. At relatively lower 
temperatures, only DEE was produced reaching a maximum value as the 
temperature increased. The selectivity to DEE started decreasing with further 
increase in reaction temperature corresponding to an increase in ethylene 
production. Depending on the activity of the catalysts, eventually no DEE 
was produced resulting in an almost 100% selectivity to ethylene. These 
results support the proposed mechanism that proposes the production of 
ethylene from DEE and not directly from ethanol[18, 21]. 
 
In general, the catalysts with higher acidity showed higher ethanol 
dehydration activity. Figures 4.1-4 show the dehydration activity of H-
mordenite, Y-zeolite, ZSM-5(50), and ZSM-5(280), respectively. At 
temperatures lower than 300oC, only DEE and ethylene were detected. The 
decreasing and fluctuating trend of DEE yield at early temperature for ZSM-
5(50), Figure 4.3, was due to an unstable flow of the carrier gas that caused 
an unstable mass spectrometer response. Once the flow was stabilised, the 
mass spectrometer was also stabilised. With 95% ethanol conversion and 98% 
ethylene selectivity at 230oC reaction temperature, H-mordenite showed the 
highest ethanol dehydration activity compared to Y-zeolite and ZSM-5. 
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Similar relative activity was reported in the literature[21, 28, 30]. In terms of 
ethanol conversion, Y-zeolite and ZSM-5(50) showed similar activity till 
300oC reaction temperature. However, a substantial amount of heavy 
hydrocarbons was produced over the Y-zeolite compared the ZSM-(50). 
Among the ZSM-5 structure, the obtained results of ethanol dehydration 
activity was consistent with the literature, i.e. the lower the Si/Al ratio, the 
higher the surface acidity of the catalyst and hence the higher the dehydration 
activity[21, 28]. Over ZSM-5(50), 99% and 98% ethanol conversion and 
ethylene selectivity were achieved at 300oC compared to a corresponding 
58% and 96% for ZSM-5(280) at the same temperature. Due to its very low 
alumina content, presumably none, silicalite catalysts showed, almost, no 
ethanol dehydration activity at temperature lower than 300oC. A further 
increase in reaction temperature resulted in the production of acetaldehyde, 
around 4% yield, and heavy hydrocarbons, around 8% yield over mordenite 
catalyst and 14% over Y-zeolite catalysts. Less than 1% yield of heavy 
hydrocarbons was produced over the ZSM-5 zeolite catalysts. The other by-













































































































































































4.3.2 Ethanol dehydration over metal supported zeolites 
The conversion of ethanol over zeolite supported metal catalysts was studied 
in a temperature range between 150 and 400oC. Figure 4.5 shows a 
representative comparison between the ethanol dehydration activity of ZSM-
5(280) to that of supported CuCl2 catalyst. Table 4.1 summarizes the results 
obtained over the rest of the supported catalysts. 
 
Figure  4.5 Ethanol dehydration over ZSM-5(280) supported 6wt%CuCl2.2H2O 
 
In general, the addition of Ag, Cu, or CuCl2 caused a decrease in the catalyst 
activity for ethanol dehydration. This suggests that the addition of metal on 
the zeolite caused a reduction in the total acidity and/or pore blockage. It is 
expected that the major decrease in acidity is due to the decrease of the strong 
acidic sites present on the surface of the zeolite. The results also show that the 
effect of metal addition on the dehydration activity depends on the nature of 
the metal. The addition of 10wt% Ag decreased the dehydration activity by 
almost 40% compared to only 25% reduction when 10wt% Cu was added. 
This is due to copper’s own dehydration activity that enhances the total 
catalyst activity. The effect of impregnating the zeolite catalyst with 











































reduction in the dehydration activity due to the addition of Cu was 
compensated, to a level, by the acidic properties of the Cl2. However, the 
production of C3 and C4 products increased by the addition of CuCl2 
compounds. The addition of metals, metal oxides, and metal chloride cause a 
reduction in the total acidity of the Y-zeolite either due to pore blockage or by 
acid sites poisoning. Therefore the production of heavy hydrocarbons over Y-
zeolite at 400oC was substantially reduced. Analogue results were reported 
for modified ZSM-5 [33].  
 







- 250 95 
10wt% Ag 250 55 H-Mordenite 
10wt%Cu 250 70 
- 300 99 
10wt%Ag 300 65 Y-zeolite 
10wt%CuCl2.2H2O 300 99 
- 300 98 
ZSM-5(50) 
10wt%CuCl2.2H2O 300 87 
- 300 58 
ZSM-5(280) 
10wt%CuCl2.2H2O 300 45 
40vol% EtOH, 8500h
-1
 GHSV, 0.14barg 
 
4.4 Summary 
H-Mordenite(13) was found to have the highest activity for ethanol 
dehydration with 95% ethylene yield at 230oC. H-mordenite can be a 
promising support for the direct production of ethylene oxide over zeolite 
supported Ag catalyst. Y-zeolite(80) and ZSM-5(50) had similar level of 
activity with 98% ethylene yield at 300oC. However, substantial heavy 
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hydrocarbon production was observed over the Y-zeolite at higher 
temperatures. Among the ZSM-5 zeolites, the activity to ethanol dehydration 
was, in descending order, ZSM-5(50), ZSM5(280) and silicalite (no alumina). 
The addition of metals reduced the total acidity of the zeolite resulting in a 
reduced dehydration activity. However, the addition of metals reduced the 











5. Chapter 5. Ethanol 
oxidation over zeolite 





The performance of different Ag-supported zeolite catalysts for the partial 
oxidation of ethanol was investigated. The effect of the type and acidity of the 
support on product distribution was determined under the same operating 
conditions and Ag loading ratios. The results showed that the higher the 
support acidity the lower the selectivity to acetaldehyde due to the 
dehydration activity of the support. Ag metal supported on zeolites showed 
high activity and selectivity to the production of acetaldehyde especially at 
over-stoichiometric levels of oxygen. The addition of Ag increased the 
selectivity to acetaldehyde but decreased the total activity of the catalyst for 
ethanol conversion. Acetaldehyde production can be increased by increasing 




Ethylene oxide, manufactured from ethylene feedstock, always features 
among the top 50 bulk organic chemicals in the petrochemical industry. The 
objective of this part of the research was to investigate the viability of the 
direct catalytic production of ethylene oxide from ethanol. The concept was 
to use zeolite catalysts, such as mordenite and ZSM-5, to produce ethylene 
via ethanol dehydration and then use supported Ag catalysts to epoxidise 
ethylene producing ethylene oxide.  
 
Acetaldehyde plays an important role in the chemical industry. It is used as an 
intermediate to produce acetic acid and acetic anhydride. It’s sometimes 
produced via the partial oxidation reaction of ethanol or acetylene hydration. 
But mainly, it is manufactured via the liquid phase oxidation reaction of 
ethylene using the Wacker catalyst [64]. 
 
However, the use of petroleum ethylene as a feed stock has been highly 
questioned lately due to uncertainties in terms of its availability and price. 
Also it raised concerns regarding the CO2 emission and environmental 
pollution. Therefore, the use of an environmental friendly and sustainable 
feed stock for the production of petrochemical products is needed and 
considered to be challenging. Ethanol, in particular, is considered to be a 
promising renewable source for replacing decreasing petrochemical reserves. 
 
Prior to this work, the partial oxidation of ethanol has been intensively 
studied in the last few years. Product distribution depends on the nature of the 
active metal or metal oxide as well as the nature of the support[36]. Vanadia 
catalysts were found to be efficient for the selective oxidation of ethanol to 
produce acetaldehyde [37-40]. The redox ability of vanadium to alternate 
between different valence states was responsible for the catalyst activity for 
ethanol oxidation[37]. Noronha et.al. compared different active metals 
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supported on CeO2 and established that a higher selectivity to acetaldehyde 
can be achieved over Co catalyst compared to Pt and Pd catalysts[41]. 
 
As an example for the effect of the support, Tsuruya et.al. reported in 2 
separate papers that while higher acetaldehyde selectivity can be obtained 
over Cu/Co ion exchanged Y-zeolite, CO and CO2 were the main products 
over Cu/Co ion exchanged ZSM-5[27, 42]. Another example on the effect of 
support is by comparing the results reported by Hensen et.al.[43]  and Sheng 
et.al.[44]. Both used gold as active metal, however, a higher acetaldehyde 
selectivity was achieved when silica was used as the support compared to 
CeO2. 
 
Silver metal on the other hand has a unique ability in catalyzing the 
epoxidation reaction of ethylene[65]. It was also found to be very efficient for 
the partial oxidation of methanol to produce formaldehyde[66]. In general 
silver metal catalysts have high activity for the oxidation reaction of alcohol. 
 
It is the objective of this work to study the partial oxidation reaction of 
ethanol over zeolite supported silver catalysts. The approach is to use 
different types of zeolites with different structure and acidity. Different Ag 
loadings and reaction temperatures were also studied. 
 
5.2 Experimental 
Na-Mordenite, Y-zeolite, ZSM-5(280) and ZSM-5(50) were obtained from 
Zeolyst. SiO2 was used as a model for silicalite. NH4-Mordenite was prepared 
by ion-exchange method with NH4NO3. The H-forms of the zeolites were 
prepared by calcination of the ammonium form zeolite at 550oC in air flow 
for 10hrs. 
 
The catalysts were prepared by incipient wetness method of ZSM-5, Y-
zeolite, and H-mordenite with an aqueous solution of AgNO3. Catalysts were 
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dried at 110oC overnight, then reduced at 230oC using 50 vol.% H2 for 10h in 
Ar. 
 
A 10mm I.D. tubular flow reactor was used to study the gas phase reaction. 
The temperature of the reactor was controlled by a thermocouple placed in 
the middle of the catalyst bed. 0.7g of catalyst (0.5-0.85mm) was mixed with 
silicon carbide and placed in the middle of the reactor, and supported by 
quartz wool from both ends. Liquid ethanol was pumped into an 
evaporator/mixer (counter current configuration and at 150oC) using a liquid 
mass flow controller. The ethanol/argon mixture was then fed into a 
mixer/pre-heater where air was added to adjust the reactor feed composition.  
 
All catalysts were tested in the range between 200 and 400°C. The GHSV and 
operating pressure were kept constant at 9860h-1 and 0.14barg respectively. 
The reactor effluent was condensed using ice and analyzed offline. The liquid 
sample was analyzed using a HP-FFAP Agilent capillary column with FID 
detector, while the tail gas was analyzed using a PorapakQ packed column 
with TCD detector and an Alumina Plot Variant Capillary column with FID 
detector.  
 
Transmission electron micrographs, TEM, were acquired on a JEOL 2010 
electron microscope at an acceleration voltage of 200 kV with 
interchangeable pole-pieces. Typically, a small amount of the reduced sample 
was ground and suspended in methanol, dispersed over a Cu grid with a holey 
carbon film. X-ray diffraction, XRD, was performed on a PANalytical X'Pert 
PRO. The TPR analysis was conducted in a 4mm ID quartz reactor connected 
online to an ESS mass spectrometer (MS). 300mg of calcined catalyst was 
heated at a rate of 10oC/min in a flow of 5vol% H2 in Ar.  
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5.3 Results and discussion 
5.3.1 Catalyst Characterisation 
5.3.1.1 Support acidity 
Different types of zeolites were used. They have different structure, different 
SiO2/Al2O3 ratio and different surface areas. The relative ethanol dehydration 
activity of the zeolites was used as an implicit indicator for the relative zeolite 
acidity. The acid-base properties govern the activity and selectivity of the 
catalyst towards ethanol conversion. It is believed that the stronger the acid 
sites the higher the dehydration activity of the catalyst[17]. Also, decreasing 
the SiO2/Al2O3 ratio increases the acidity of the ZSM-5 as aluminum atoms 
were associated with acid sites which could be in the form of Bronsted and 
Lewis acid sites[67].  
 
40vol% ethanol was fed into the reactor at GHSV of 8000h-1 and 0.14barg 
pressure; results are summarized in Table 4.1 By comparing the T50 value (the 
temperature at which 50% ethanol conversion was achieved), it was 
established that H-mordenite has the highest relative acidity compared to Y-
zeolite and ZSM-5. Among the ZSM-5 structure, the obtained results of 
ethanol dehydration activity was consistent with the literature, i.e. the lower 
the SiO2/Al2O3 ratio, the higher the surface acidity of the catalyst and hence 
the higher the dehydration activity. It’s worth noting that Y-zeolite and ZSM-
5(50) showed, almost, the same level of dehydration activity and therefore are 
assumed to have the same level of surface acidity. The support relative acidity 
established according to the T50 values was also in agreement with that 
reported in the literature and established according to ammonium TPD and/or 






Table  5.1 Ethanol dehydration over zeolite support 






Mordenite 13 425 190 
Y-zeolite 80 700 272 
ZSM-5 50 420 270 
ZSM-5 280 400 300 
SiO2 No Al  400 
 
During the dehydration of ethanol, the catalyst was observed to become 
darker at high temperature (above 300oC), which indicated the deposition of 
heavy hydrocarbon materials on the surface. This was more noticeable in Y-
zeolite and H-mordenite compared to ZSM-5 catalysts 
5.3.1.2 TEM analysis 
TEM was used to characterize the particle size of the reduced catalyst. 
Representative TEM of four silver catalysts and the corresponding Ag 
particle size distribution are shown in Figures 5.1-4. The histograms were 
created by measuring the apparent radial size of each particle relative to the 
TEM image scale (shown in the bottom left corner) and then counting their 
frequency relative to the total number of examined particles. In an average 3 
images for the same catalyst were used with an average total examined 
particles of 70 particles.  The silver particles are well distributed between 
20nm and 30nm with few agglomerates ranging between 30nm and 40nm. 
Neither the Ag loading amount nor the type of zeolite exhibited an effect on 
the average size of Ag particles.  
5.3.1.3 XRD analysis 
The XRD spectra for reduced 10wt%Ag on Y-zeolite and H-mordenite are 
shown in Figure 5.5. Over the Y-zeolite support, peaks at (2θ) 38.2, 44.3, 
64.4, and 74.4 and can be assigned, respectively, to the (111), (200), (220), 
and (311) crystalline planes of silver. However, over the mordenite support, 
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only the peak at (2θ) 38.2 can be distinguished since the other silver peaks 
appear at the same (2θ) value as those of the mordenite. Further analysis of 
the XRD spectra reveals that the size of the prepared silver particles on the 
zeolite support varied from 25-35nm and they are in good agreement with 
those obtained from the TEM analysis. The particle size from XRD was 




β is the width of the peak at half maximum intensity of a specific phase (hkl)  
K is a constant that varies with the method of taking the breadth (K=0.91) 
λ is the wavelength of incident x-rays = 1.541Å 
θ is the center angle of the peak 
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Figure  5.4 TEM image and Ag particle size distribution for 15wt%Ag on mordenite 
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Figure  5.5 XRD spectra for Y-zeolite and mordenite supported 10wt% Ag  
5.3.1.4 TPR analysis 
Figure 5.6 shows the temperature programmed reduction of 10wt%Ag on 
different zeolite supports. The Ag reduction temperature was 130oC and 
consistent over the different zeolites. The calculated H2 consumption suggests 
complete reduction of the nominal loaded Ag particles on the support. The 
relatively higher temperature required to reduce all Ag particles loaded over 
the H-mordenite compared to Y-zeolite and ZSM-5(280) supports suggests a 
10wt% Ag on Y-zeolite 
Y-zeolite 
10wt% Ag on mordenite 
mordenite 
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higher diffusion limitations which might be due to pore blockage knowing 
that mordenite has a unidirectional pore network compared to 2 and 3 
dimensional networks  for ZSM-5 and Y-zeolite respectively. 












            Figure  5.6. TPR measurements for zeolites supported 10wt%Ag. 
 
5.3.2 Ethanol partial oxidation 
In order to study the role of silver in the partial oxidation of ethanol, blank 
runs were conducted to determine, if any, the extent of the homogeneous 
oxidation reaction. It was found that no conversion took place within the 
investigated temperature range without catalyst. Similar tests were carried out 
over non-impregnated zeolites. Almost no oxidation products were detected 
below 300oC and at 400oC; only 4% acetaldehyde selectivity was achieved 
while the main product was ethylene in the case of H-mordenite, Y-zeolite 




Bi-functional catalysts comprising of zeolite as a support with dehydration 
activity, and silver metal as active compound with epoxidation activity were 
tested for the direct production of ethylene oxide. Moreover, double bed 
configuration consisting of zeolite catalyst as a pre-bed and a typical ethylene 
epoxidation catalyst, Ag/α-Al2O3 as 2
nd bed was also tested. Different 
reaction conditions were investigated. Similar reaction conditions to those 
used in the industry as well as the literature were used [46-48, 71]. Exact 
Ag/α-Al2O3 preparation method mentioned in the literature was followed 
(detailed in Chapter 3) [46]. The concept behind using Cu-Ag bimetallic 
catalyst was an attempt to improve the selectivity to ethylene oxide as it was 
suggested in the literature [72-76]. Unfortunately, all attempts failed to 
produce any ethylene oxide. When ethylene was used as a feed, almost no 
conversion was achieved with the only product being a small amount of 
acetaldehyde. Surprisingly, there was no COx production either, even at high 
temperature. In the case of using ethanol as a feed, the main products were 
acetaldehyde, ethylene and diethyl ether. The production of acetaldehyde 
instead of ethylene oxide was confirmed by FID GC and NMR-1H which 
were calibrated to separate/distinguish between the two products. It expected 
that any produced ethylene oxide would be isomerised over the acidic support 
producing acetaldehyde via a glycol like intermediates. It was shown in the 
literature that this isomerisation reaction was faster on supports with higher 
acidity [77, 78]. Therefore, from this point on in this chapter and the next one, 
acetaldehyde will be considered as the targeted product. 
 
The main products of the partial oxidation of ethanol over zeolite supported 
Ag catalysts were acetaldehyde, diethyl ether, DEE, and ethylene. The by-
products were propionaldehyde, methyl acetate, ethyl acetate, CO and CO2.  
    
The product distribution as a function of temperature was similar over all 
tested catalysts. Figure 5.7 represents the ethanol conversion and product 
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selectivities over 15wt%Ag on H-mordenite. At 9860h-1 GHSV and 9.3 
EtOH:O2 ratio, the total by-products selectivity was less than 1%. The ethanol 
conversion increased with temperature producing more acetaldehyde. The 
diethyl ether, DEE, and ethylene production was consistent with a typical 















































Figure  5.7. Ethanol partial oxidation over 15wt%Ag on H-mordenite support.  
EtOH:O2 = 9.3, X: ethanol conversion; DEE, AcA, and C2H4 are the respective 
selectivity to diethyl ether, acetaldehyde, and ethylene. ±2% experimental error 
 
Even though the acetaldehyde production was increasing with increasing 
temperature, its selectivity was decreasing up until 300oC due to the increase 
in the dehydration products. However, at temperatures higher than 300oC, the 
catalyst dehydrogenation activity contributed in the production of 
acetaldehyde leading to a higher selectivity. This was confirmed with higher 
H2 composition in the effluent gas analysis. 
 
Figure 5.8 shows the effect of silver loading on H-mordenite support at a 
constant reaction temperature of 300oC. The figure is a representative 
example for the results at different temperatures. All results are shown in 
Appendix C. Increasing the silver loading resulted in an increase in the 
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selectivity to acetaldehyde. However, the overall ethanol conversion 
decreased due to the reduction in the support dehydration activity resulting in 
a decrease in ethylene production and an increase in the DEE production. It is 
expected that the addition of Ag on the support resulted in the reduction of 
the number of available acid sites hence the lower dehydration activity. 
 
Figure  5.8 The effect of silver loading on H-mordenite support 
Reaction temperature of 300
o
C and EtOH:O2 = 9.3. X: ethanol conversion; DEE, AcA, 
and C2H4 are the respective selectivity to diethyl ether, acetaldehyde, and ethylene. ±2% 
experimental error 
 
The supports acidity controlled the product distribution of the partial 
oxidation reaction of ethanol as shown in Figure 5.9. It is clear that the 
support acidity, or in this case, the dehydration activity plays a major role in 
defining the product distribution. The higher the dehydration activity of the 
support is the lower is the selectivity to acetaldehyde. The results also show 
that both ZSM-5(50) and Y-zeolite have almost the same conversion and 
product distribution. This is attributed to the fact that they both have the same 































































































Figure  5.9. Ethanol partial oxidation over 10wt%Ag supported on different zeolites. 
Reaction temperature of 300
o
C, EtOH:O2 = 5. X: ethanol conversion; DEE, AcA, and 
C2H4 are the respective selectivity to diethyl ether, acetaldehyde, and ethylene. ±2% 
experimental error 
 
The effect of O2 concentration in the feed stream was determined by testing 
the ethanol partial oxidation over 10wt% Ag supported on H-Mordenite at 
different EtOH to O2 ratio. The total GHSV and temperature were kept 
constant at 9860h-1 and 300oC respectively. The results, shown in Table 5.2, 
show that by increasing the O2 partial pressure in the feed stream, the 
selectivity to acetaldehyde can be increased at the same level of ethanol 
conversion. However, the production of other by-products, mainly methyl and 
ethyl acetates, also increased from less than 1% at EtOH:O2 of 9 to higher 







Table  5.2. Ethanol partial oxidation over 10wt%Ag supported on H-mordenite for 
different EtOH to O2 ratio.  
  Inlet  Conversion  Product Selectivity 
Temp EtOH:O2 EtOH  EtOH  DEE acetaldehyde C2H4 Other 
o
C  Vol.%  %  % % % % 
          
300 9.3 28  42.5  9.0 23.0 68.0 0.0 
300 4.6 28  39.6  6.0 35.7 50.3 8.0 
300 2.3 28  41.4  2.9 84.4 2.5 10.2 
          
230 2.3 6  31.3  21.2 57.9 11.8 9.0 
275 2.3 6  37.9  9.8 72.1 8.3 9.8 
300 2.3 6  48.4  4.2 80.3 6.8 8.7 
300 0.9 6  57.3  1.6 90.1 2.1 6.1 
300 0.5 6  59.5  1.2 92.1 1.8 5.0 
300 0.4 6  59.5  1.0 92.8 1.5 4.7 
300 0.3 6  56.5  1.1 92.7 1.3 4.9 
  
Other includes methyl acetate, ethyl acetate, and COx. . ±2% and 6% experimental 
error for conversion and selectivity, respectively. 
 
The decrease in DEE production with increasing O2 concentration in the feed 
was studied by feeding 16vol% DEE over the same catalyst at 300oC, 
DEE:O2 of 2 and GHSV of 9860h
-1. 50% conversion of DEE was achieved 
with acetaldehyde as the main product. Moreover, the production of water 
from the partial oxidation reaction of ethanol is expected to adsorb more 
strongly than ethanol on the catalyst surface, causing reduction in number of 
available zeolite’s active sites for the chemisorption of ethanol and therefore 
causing a reduction in ethanol dehydration activity.  
 
For the purpose of investigating the effect of O2 concentration at over-
stoichiometric levels, the ethanol feed composition was decreased to 6vol%. 
The results suggest that the selectivity to by-products can be decreased by 
further decreasing the EtOH:O2 level to as low as 0.4 at which 93% 
selectivity can be achieved with a conversion level as high as 60%. The 
results also suggest that the partial oxidation of ethanol and the product 
distribution have, almost, no dependency on the EtOH:O2 ratio in the feed 
stream lower than 0.5 at the used GHSV and reaction temperature. A similar 
 75 
study was conducted over 10wt% Ag supported on ZSM-5(280), Figure 5.7. 
A similar trend was observed compared to the previous study but with lower 
total ethanol conversion.        
 
The behaviour of acetaldehyde production as a function of O2 partial pressure 
and the production of H2, especially at high temperatures as was shown in 
Figure 5.10, suggests that both ethanol dehydrogenation and oxidative 
dehydrogenation reactions are the routes for the production of acetaldehyde. 
However, a detailed mechanismic study is recommended to determine the 
extent of each reaction and the controlling parameters. O2 actual consumption 














































X DEE AcA C2H4 Other
 
Figure  5.10 The effect of EtOH:O2 over ZSM-5(280) supported Ag catalyst.  
10%Ag on ZSM-5(280) at reaction temperature of 300
o
C, 6vol% EtOH, *28vol%EtOH. 
X: ethanol conversion, DEE, AcA, and C2H4 are the respective selectivity to diethyl 
ether, acetaldehyde, and ethylene. Other includes methyl acetate, ethyl acetate, CO, and 
CO2.  ±2% and 6% experimental error for conversion and selectivity, respectively. 
 
The use of Ag metal as a catalyst for the production of acetaldehyde has not 
been considered prior to this work. However, the general behaviour of 
acetaldehyde selectivity as a function of temperature, O2 partial pressure, and 
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active metal loading was, in general, in line with earlier literature using other 
active materials and supports[35, 37-40, 43, 44, 79]. A direct performance 
comparison with those published in the literature would be inaccurate since 
high O2 partial pressure, low GHSV, and different preparation method were 
usually used.    
5.4 Ethanol partial oxidation over Ti-nano tube supported Ag 
catalysts 
A short study was conducted to investigate the performance of Ti-nano tubes 
supported Ag catalysts in the partial oxidation of ethanol. The preparation of 
Ti-nano tubes and the addition of Ag were carried out as were shown in the 
experimental chapter. The main product of the partial oxidation of ethanol 
over Ti nano-tubes supported Ag catalysts was acetaldehyde. The by-products 
were methyl acetate, ethyl acetate, CO and CO2.  Diethyl ether, DEE, and 
ethylene were also detected at temperatures higher than 300oC. 
    
Product distribution behaviour as a function of temperature was similar over 
all tested catalyst. Figure 5.11 represents the ethanol conversion and product 
selectivities over 20wt%Ag on Ti-nano tubes at 9860h-1 GHSV and 4.6 
EtOH:O2 ratio. The ethanol conversion increased with temperature producing 
more acetaldehyde. Even though the acetaldehyde production was increasing 
with increasing temperature, its selectivity slightly decreased due to the 
increase in the production of by-products, mainly, ethyl acetate and CO2. The 
sharp increase in ethanol conversion at temperature levels higher than 300oC 
was attributed to a higher dehydrogenation activity of the metal silver active 
components. This was verified by analysing the outlet gas stream and the 



















































Figure  5.11 Ethanol partial oxidation over 20wt%Ag on Ti-nano tubes.  
EtOH:O2 = 4.6, X: ethanol conversion, AcA: acetaldehyde selectivity. Other includes 
DEE, C2H4, methyl acetate, ethyl acetate, CO, and CO2.  ±2% experimental error 
 
The effect of silver loading on both ethanol conversion and product 
distribution is shown in Figure 5.12 at the same operating conditions as 
above. In general, ethanol conversion increased with increasing Ag loading in 
the catalyst. However, it was noticed that the reaction temperature contributes 
in the role of adding more silver metal to the support. At temperatures lower 
than 300oC, the selectivity to acetaldehyde marginally decreased with 
increasing the Ag wt%. However, at temperature levels higher than 300oC, 
acetaldehyde selectivity, substantially, increased by adding more Ag to the 
support. This agrees with the results in Figure 5.11, where acetaldehyde 
production increased sharply at temperatures higher than 300oC.  
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Figure  5.12 Ethanol partial oxidation: The effect of silver loading on Ti-nano tubes 
:a. 275oC, b. 400oC, EtOH:O2 = 4.6. ±2% experimental error 
 
The effect of O2 concentration in the feed stream was determined by testing 
the ethanol partial oxidation over 20wt%Ag on Ti-nano tubes at different 
EtOH to O2 ratio. The total GHSV and temperature were kept constant at 
9860h-1 and 300oC respectively. The results, shown in Figure 5.13, show that 






























































































conversion can be increased from around 10% at EtOH:O2 of 9.3 to higher 
than 40% at EtOH:O2 of 2.3. The selectivity to acetaldehyde also increased 
with increasing the O2 concentration in the feed stream, though slightly, to as 
high as 93%. The production of most of the other acetate products decreased 
with increasing O2, however, the production CO2 increased from less than 1% 
to as high as 5%. Further increase in O2 concentration was not conducted to 


















































Figure  5.13 Ethanol partial oxidation over 20wt%Ag supported on T-nano tubes for 
different EtOH:O2 ratios. 
T=300
o
C, X: ethanol conversion, AcA, acetaldehyde selectivity, Other includes DEE, 
C2H4, methyl acetate, ethyl acetate, CO, and CO2. ±2% experimental error 
 
For the purpose of investigating the role of the Ti-nano tubes on product 
distribution, high surface area TiO2, 150m
2/g, was used as the support. Figure 
5.14 shows the results obtained for ethanol partial oxidation over 20wt% Ag 
supported on TiO2 at reaction conditions similar to those used in Figure 5.8. 
The main difference in the behaviour of TiO2 as a support compared to Ti-
nano tubes is the high production of heavy hydrocarbons even at low 
operating temperature. The selectivity to hydrocarbons over 20wt% Ag on 
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TiO2 ranged from almost 20% at 230
oC to as high as 30% at 400oC. This 
resulted in a sharp decrease in acetaldehyde selectivity from almost 90% over 
Ti-nano tubes to lower than 45% over the high surface area TiO2 at the same 
reaction temperature. The production of other by-products such as, ethyl 
acetate, methyl acetate, propanol, butanol, and CO2 was 3 times higher over 
TiO2 compared to those produced at the same operating conditions when Ti-


















































Figure  5.14 Ethanol partial oxidation over 20wt% Ag supported on TiO2 
±4% experimental error 
 
With the objective to enhance acetaldehyde selectivity, alkali metal, Na in 
this case, was added to the 20wt% Ag on TiO2, Table 5.3. The addition of as 
little as 1wt% Na to the catalyst contributed a lot in reducing the production 
of both heavy HC and other by-products. In fact, the heavy HC production 
was completely eliminated at low reaction temperature, increasing the 
acetaldehyde selectivity from 75% when no alkali metal was used to higher 
than 87% at 275oC. The selectivity to acetaldehyde at 400oC increased from 
just 43% to 70% due to the addition of Na. However, the disadvantage of 
adding Na to the catalyst was the reduction in the total ethanol conversion. 
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Comparing the results summarized in Table 5.3 to those in Figure 5.8, it is 
clear that the use of Ti-nano tubes as a support is much more efficient for the 
production of acetaldehyde from ethanol. 
Table  5.3 Ethanol partial oxidation over TiO2 supported Ag catalyst;  
T EtOH  Product selectivity, % 
Catalyst oC X, %  AcA Heavy HC Other 
       
230 14  77.65 18.75 3.6 
275 27  75 20 5 
300 38  59 24 17 
20wt%Ag 
400 61  43 28 28 
       
230 0.35  95 0 5 
275 6.0  87 0 13 
300 23  81 5 14 
1wt%Na, 
20wt%Ag 
400 38  69.7 9.3 21 
4.6 EtOH:O2, 9860h
-1
 GHSV, AcA: acetaldehyde, Other includes methyl & 
ethyl acetates, propanol, butanol, CO, and CO2. ±2% experimental error 
 
5.5 Summary 
It has been demonstrated that zeolite supported Ag catalysts are efficient for 
the partial oxidation of ethanol with a 0.2% maximum production of CO2. By 
increasing the Ag loading on the support, acetaldehyde production can be 
increased. However, the dehydration activity will be decreased. The increase 
in temperature contributes on the increase in the production of acetaldehyde 
by increasing the partial oxidation of ethanol as well as increasing the catalyst 
dehydrogenation activity. It was also found that, the lower the dehydration 
activity of the support, the higher the acetaldehyde selectivity. The production 
of acetaldehyde can be increased by increasing the O2 partial pressure in the 











6. Chapter 6. Ethanol 










Copper–silver bimetallic catalysts offer improved acetaldehyde selectivities 
compared with silver or copper alone in the partial oxidation of ethanol. The 
performance of zeolite supported copper and Cu–Ag bimetallic catalysts at 
different feed compositions and reaction temperatures was investigated and 
compared to Ag only catalysts. EDS and XPS characterization indicated the 
presence of Cu-Ag alloy particles with different atomic ratios and different 
Cu surface species. The effect of metal loading and operating conditions were 
also studied.  
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6.1 Introduction 
Acetaldehyde plays an important role in the chemical industry. It is used as an 
intermediate to produce acetic acid and acetic anhydride. It’s sometimes 
produced via the partial oxidation reaction of ethanol or acetylene hydration. 
But mainly, it is manufactured via the liquid phase oxidation reaction of 
ethylene using the Wacker catalyst. 
 
However, the use of petroleum ethylene as a feed stock has been highly 
questioned lately due to its uncertainties in terms of its availability and prices. 
Also it raised concerns regarding the CO2 emission and environmental 
pollution. Therefore, the use of an environmental friendly and sustainable 
feed stock for the production of petrochemical products is needed and 
considered to be challenging. Ethanol, in particular, is considered to be a 
promising renewable source for replacing decreasing petrochemical reserves. 
 
Copper and silver on are usually used as catalysts for the partial oxidation of 
methanol and ethanol[80]. In chapter 5, zeolite supported Ag catalysts were 
investigated for the partial oxidation of ethanol. More than 90% acetaldehyde 
selectivity was achieved at 60% ethanol conversion. It was demonstrated that 
the selectivity to acetaldehyde can be enhanced by increasing Ag loading, 
reaction temperature as well as O2 concentration in the feed.  
 
Many studies suggested the use of Ag-Cu bimetallic catalyst to enhance the 
selectivity in the ethylene epoxidation reaction [72-76, 81]. It was proposed 
that the design of an Ag-Cu alloy consisting of Ag rich particles can increase 
the selectivity to ethylene oxide. Considering the same concept, it is the 
objective of this work to study the partial oxidation reaction of ethanol over 
zeolite supported Ag-Cu bi-metallic catalysts and compare it to Ag only 
catalysts. EDS and XPS characterization indicated the presence of Cu-Ag 
alloy particles with different atomic ratios. It has been established that the 
addition of Cu to zeolite supported Ag catalyst improved the selectivity to 
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acetaldehyde compared to Ag or Cu alone catalysts. The results suggest that 
acetaldehyde selectivity varies when different zeolites were used as the 
support.   
 
6.2 Experimental 
The catalysts were prepared by incipient wetness method of the H-form of 
ZSM-5(280), Y-zeolite(80), and mordenite(13) with a mixture of aqueous 
solutions of silver nitrate and/or cupric acetate. The number in parenthesis 
indicates the SiO2 to Al2O3 ratios of the zeolites. Catalysts were dried at 
110oC overnight, calcined in the presence of air at 400oC and then reduced at 
300oC using 50 vol.% H2 for 10h. 
 
A 10mm I.D. tubular flow reactor was used to study the gas phase reaction. 
Temperature of the reactor was controlled by a thermocouple placed in the 
middle of the catalyst bed. 0.7g of catalyst (0.5-0.85mm) was mixed with 
silicon carbide (4:1 dilution ratio of SiC:catalyst) and placed in the middle of 
the reactor, and supported by quartz wool from both ends. Liquid ethanol was 
pumped into an evaporator/mixer (counter current configuration and at 
150oC) using a liquid mass flow controller. The ethanol/argon mixture was 
then fed into a mixer/pre-heater where air was added to adjust the reactor feed 
composition.  
 
All catalysts were tested in the range between 200 and 400°C. The GHSV and 
operating pressure were kept constant at 9860h-1 and 0.14barg respectively. 
The reactor effluent was condensed using ice and analyzed offline. The liquid 
sample was analyzed using a HP-FFAP Agilent capillary column with FID 
detector, while the tail gas was analyzed using a PorapakQ packed column 




Transmission electron micrographs were acquired on a JEOL 2010 electron 
microscope at an acceleration voltage of 200 kV with interchangeable pole-
pieces. Microanalysis is done using Oxford instruments ISIS EDS system. 
Typically, a small amount of the reduced sample was ground and suspended 
in methanol, dispersed over a Cu grid with a holey carbon film. Kratos AXIS 
ULTRA XPS was conducted to determine the metallic state of Cu and Ag. 
The Cu, Ag, Si and Al contents of the zeolites were determined using a PE 
Optima 2000 DV inductively coupled plasma ICP. Catalysts were dissolved 
in HF for analysis. TPR analysis was used to determine the actual metal 
content and the extent of metal reduction. The TPR analysis was carried out 
in a 4mm ID quartz reactor connected online to ESS mass spectrometer. 
300mg of calcined catalyst was heated 5oC/min in a flow of 5vol% H2.  
 
6.3 Results 
6.3.1 Catalyst Characterisation 
6.3.1.1 ICP analysis 
The Cu-Ag contents of the zeolite supported catalysts were determined by 
ICP, Table 6.1. The measured values were found to be in a good agreement 
with the nominal loadings. Mordenite gave a particularly low Si/Al ratio due 
to the inclusion of binder. 
 
 
Table  6.1 ICP element analysis of zeolites supported Cu-Ag bimetallic catalysts 
Nominal Actual values from ICP analysis 
 wt% wt% atom% atom ratio support 
Ag Cu Ag Cu Ag Cu Cu/Ag Si/Al Ag/(Si+Al) Cu/(Si+Al) 
Mordenite(13) 10 5 9.8 5.0 6.1 5.2 0.86 1.31 0.069 0.059 
Mordenite(13) 5 10 5.0 9.7 3.2 10.5 3.30 1.20 0.037 0.12 
Mordenite(13) 5 5 5.0 4.8 3.4 5.6 1.62 1.22 0.038 0.061 
ZSM5(280) 5 5 5.0 5.0 1.8 3.1 1.69 143 0.019 0.033 
Y-zeolite(80) 5 5 5.0 4.8 3.4 5.6 1.64 32.7 0.037 0.061 
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6.3.1.2 TPR analysis 
Figure 6.2 compares the temperature programmed reduction of 5wt%Cu-
5wt%Ag on different zeolite supports. Calibrating the H2 consumption using 
pure CuO obtained from Sigma Aldrich, the figure clearly shows that only on 
Y-zeolite, the metals were completely reduced, while on ZSM-5(280) and 
mordenite supports, the degree of reduction was only 75% and 25% 
respectively in the temperature range shown in the figure.  
 
















6.3.1.3 TEM and EDS analysis 
TEM was used to characterize the particle size of the reduced metal particles. 
Representative TEM of 3 Cu only catalysts and the corresponding Cu particle 
size distribution are shown in Figures 6.3-5. The histograms were created by 
measuring the apparent radial size of each particle relative to the TEM image 
scale (shown in the bottom left corner) and then counting their frequency 
relative to the total number of examined particles. In an average 3 images for 
the same catalyst were used with an average total examined particles of 70 
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particles.The images show an even distribution of Cu particles on the surface 
of mordenite support with an average particle size between 27 and 37nm. 
However, the histogram corresponding to 15wt% loading, clearly, shows a 
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Figure  6.4 TEM image and Cu particle size distribution for 15wt%Cu on mordenite 
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To determine if the catalysts were comprised of CuAg alloy or if the two 
components exist separately, the catalysts were examined by energy 
dispersive X-ray spectroscopy (EDS). Figures 6.6 and 6.7 show the TEM 
images of bi-metallic catalysts and the corresponding EDS analysis. Focusing 
the electron beam on single particle showed the presence of both metals. The 
Cu:Ag atomic ratios differ from one particle to another, even in the same 
catalyst. The composition of the metal particles seems to relate to the size of 
the particles. The smaller the particle is the higher the Cu content.  However, 
such conclusion can not be made with certainty since, only three particles 
were analysed. Moreover, when the beam was focused on the support area 
where no particles could be seen, very small amount of both Cu (around 2 
at.%) and Ag (around 0.3 at.%) were detected. This response could be either 
due to very small, nano-scale size, particles dispersed on the surface or due to 
some metal exchange with the zeolite. 
 
Based on the Cu-Ag phase diagram, the most likely phases at 400oC are Cu in 
Ag (i.e. Ag rich, less than 0.1wt%Cu), and Ag in Cu ( i.e. Cu rich, less than 
0.1wt%Ag) [82]. However, the EDS analysis suggests the presence of a solid 
state mixture of Cu and Ag in single particles with different atomic ratios. 
The bulk phase diagram is an equilibrium diagram which was developed by 
the addition of known composition of copper and silver metals under 
controlled decreasing temperature from the melting point to room 
temperature. However, it is expected that small particles have different 
properties from bulk metals due to the large contribution of surface energy, 
the interaction with the support and tolerance of strain. Therefore, the ratios 
could vary from particle to particle depending on their sizes as it was seen in 
the EDS analysis. On the other hand, the EDS response might also be due to 
the presence of separate Cu and Ag particles deposited on top of each other. 







a) atomic ration, Cu:Ag = 1:1 
 
 
b) atomic ration, Cu:Ag = 4.4:1 





a) atomic ration, Cu:Ag = 1:1.4 
 
b) atomic ration, Cu:Ag = 1.5:1 
Figure  6.6 TEM/EDS analysis for 5wt%Cu-5wt%Ag on mordenite 
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6.3.1.4 XPS analysis 
XPS analysis was used to explore the state of Cu, the Cu/Ag ratio on the 
surface, and to give some idea of the Cu-Ag dispersion in a representative 
selection of the reduced catalysts. Figure 6.8 shows the Cu2p3/2 photoelectron 
lines for Ag-Cu bimetallic on ZSM-5(280), Y-zeolite, and mordenite supports 
(at a nominal 5wt%Ag-5wt%Cu loading).  
Figure  6.7 Cu2P3/2 photoelectron lines for reduced zeolites supported 5wt%Cu-5wt%Ag  
 
The spectra in Figure 6.7 show, clearly, the presence of Cu2+ and Cu+/Cu0 at 
934.9eV and 932.4 eV respectively[83], on ZSM-5(280) and Mordenite 
supports. However, on a Y-zeolite support, Cu+/Cu0 was the main content 
among the Cu species on the surface at 932.4eV with just a shoulder at 
934.9eV  assigned to Cu2+. This is in agreement with the H2 consumption 
profile obtained by TPR measurements where all the cu on the Y-zeolite were 










 Table  6.2 XPS element analysis of zeolites supported Cu-Ag bimetallic catalysts 
Cu-Ag Cu/Ag Ag/(Si+Al) Cu/(Si+Al) 
wt% atom ratio atom ratio atom ratio 
Support nominal XPS ICP XPS ICP XPS ICP 
Mordenite(13) 10-5 0.99 0.86 0.03 0.069 0.03 0.059 
Mordenite(13) 5-10 7.9 3.3 0.014 0.038 0.023 0.061 
Mordenite(13) 5-5 1.7 1.62 0.009 0.037 0.071 0.12 
ZSM5(280) 5-5 4.4 1.69 0.007 0.019 0.052 0.033 
Y-zeolite(80) 5-5 7.3 1.64 0.01 0.037 0.046 0.061 
 
Considering the fact that the surface energy of silver is considerably lower 
than the one of copper (experimental values: γAg = 0.078 eV/Å2[84] and γCu = 
0.114 eV/ Å2 [85] ), it is unlikely for copper in silver to be exposed on the 
surface. Moreover, an increase in the copper content on the surface leads to 
an increase in surface energy[75]. However, when oxygen is introduced into 
the system, the system changes completely. The presence of oxygen induces 
Cu to segregate to the surface. The driving mechanism here is the strong 
affinity between oxygen and copper, which more than compensates the 
unfavorable surface energy of Cu with respect to Ag[76]. The Ag-Pd, Pt–Ru 
and Au-Pd alloys display analogous properties as well [73, 86, 87]. All these 
systems therefore display the same trend: In absence of oxygen the element 
with the lowest surface energy is exposed, while in the presence of oxygen 
the element with the higher affinity with oxygen segregates at the surface. 
This explains the higher surface Cu/Ag atomic ratio obtained by XPS analysis 
compared to the bulk Cu/Ag atomic ratio obtained by ICP analysis. In our 
preparation method, all catalysts were calcined in the presence of air at 400oC 
before reduction. However, it was also reported that such segregation is 
irreversible[73, 75] which might explains why Cu remained on the surface of 
a Cu-Ag system even after reduction. It is interesting to point out that, 
according to the XPS measurements; Y-zeolite has the highest surface Cu/Ag 
ratio, compared to ZSM-5 and then mordenite. This agrees well with the 
Cu2p3/2 photoelectron line and TPR measurements, where the Cu-Ag system 
loaded on the Y-zeolite had the highest H2 consumption and showed the 
highest Cu+/Cu0 characteristics.   
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6.3.1.4 XRD analysis 
Figure  6.8 XRD spectra for a) 5wt%Cu-5wt%Ag on Y-zeolite and b) Y-zeolite 
 
XRD analysis was used to study the particle size, crystal structures and phase 
compositions. The particle size was calculated using Sherrer method while 
the lattice spacing was calculated using Bragg equation [70]. The phase 
composition was calculated assuming Vegard’s law [88]. Figure 6.8 shows 
the XRD spectra for pure Y-zeolite and 5wt%Ag-5wt%Ag supported on Y-
zeolite. The peaks at (2θ) 38.21, 40.3 can be assigned, respectively, to the 
Ag(111) and Cu(111) fcc phases. The calculated Ag and Cu particle size was 
29nm and 44nm respectively. The calculated lattice parameters: aAg = 4.08Å 
and aCu = 3.62Å. The lattice parameters for elemental Ag and Cu are 4.09Å 
and 3.62Å [89]. Assuming Vegard’s law, the composition of the fcc Ag phase 
was found to be 98 at% Ag while the composition of the fcc Cu phase was 
found to be 100 at% Cu. Based on the bulk Cu-Ag phase diagram, Cu rich 
and Ag rich are the most likely phases at 400oC.  
 
The marginal reduction in Ag lattice spacing and the calculated phase 
composition suggests that the Ag phase in the sample contains alloyed Cu. 
The XRD sensitivity for lattice spacing change is affected by many 






















parameters such as the size of the particle (which affect the peak’s width and 
intensity), the concentration of the targeted metal, and the magnitude of the 
change in relation to the composition of the metal mixture. It is possible that 
the existence of separate and small Cu only and Silver only particles resulted 
in broad peaks making it very difficult to notice any shift in the lattice 
spacing. Gohil et. al. noticed that, in a study of Ag-Cu thin films, the shift in 
Ag lattice spacing will be only 1.5% for 4:1 Cu:Ag atomic ratio[89].  
 
On the other hand, because the shift/reduction in the Ag lattice spacing was 
very small, less than 0.3%, especially compared to the broad width of the 
peak, it was not conclusive to determine or to exclude the presence of a bi-
metallic alloy system on the surface of the support. Considering 25% of the 
peak’s half width as a minimum shift for any reflection to be noticed, and 
using Vegard’s law, a minimum of 8 at% Cu alloy in Ag is needed to be 
clearly determined from XRD lattice spacing shift. Anything below that will 
be a matter of speculation and judgment.  
 
EDS analysis suggested the presence of a Cu-Ag alloy system. Whether the 
response was due to particles stacking or due to a mixed alloy, it is not easy to 
conclude. TPR measurements indicated the presence of both Cu and Ag on 
the surface of the zeolite but they were not helpful in determining the nature 
of the particles. XRD calculated lattice spacing suggested that the Ag phase 
on the support contains alloyed Cu. However, with the very marginal 
reduction in the Ag fcc(111) lattice spacing, the results can not be confirmed. 
The ethanol oxidation results over the bi-metallic catalysts (which will be 
discussed in the following sections) show enhanced efficiency for 
acetaldehyde production.  It is possible that due to Cu segregation to the Ag 
surface, as was discussed in terms of surface energy and the presence of 
oxygen, Cu surface enrichment on very diluted alloys takes place producing a 
core-shell structure. This might explain the EDS results, the small XRD 
sensitivity to lattice spacing, and the enhanced catalyst activity.  
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6.3.2 Ethanol partial oxidation 
6.3.2.1 Cu only catalysts 
The main products of the partial oxidation of ethanol over zeolite supported 
Cu alone catalysts were acetaldehyde, AcA, diethyl ether, DEE, and ethylene. 
The by-products were propionaldehyde, propyl acetate, and ethyl acetate and 
they were produced in levels as high as 10 carbon-mol%. The total oxidation 
products, CO and CO2 were leas than 5 carbon-mol% at the 9860h
-1 GHSV 
and 0.1 O2/ethanol molar ratio in the feed. Comparing this to the results 
obtained over Ag catalysts (results are shown in Chapter 5) –over Ag 
catalysts the production of by product was always less than 1 carbon-mol% 
and COx production was less than 0.2 carbon-mol% at the same operating 
conditions- it was determined that Ag is more selective than Cu. Cu catalysts 
are known to be non-selective without the use of promoters[80].  
 
Product distribution as a function of temperature was similar over all tested 
catalyst. Figure 6.9 represents the ethanol conversion and product selectivity's 
over 10wt%Cu on ZSM-5. The ethanol conversion increased with 
temperature producing more acetaldehyde. The diethyl ether, DEE, and 
ethylene production was consistent with a typical ethanol dehydration 
reaction. Even though the acetaldehyde production was increasing with 
increasing temperature, its selectivity was decreasing due to the increase in 
ethylene production.  
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Figure  6.9 Ethanol partial oxidation over 10wt%Cu on ZSM-5(280) 
GHSV= 9860h
-1
, O2:EtOH=  0.1. ±2% and 6% experimental error for conversion and 
selectivity, respectively. 
 
Figure 6.10 shows the Cu-dispersion effect on acetaldehyde selectivity. 
Different Cu loading percentages were tested at a temperature range between 
230 and 400oC. The results show the effect of Cu-dispersion with Cu loading 
higher than 10wt% and reaction temperature higher than 300oC. For Cu 
loading less than 10wt% and reaction temperature lower than 300oC, 
acetaldehyde selectivity can be increased with increasing the Cu wt%. 
However, increasing the Cu loading higher than 10wt% caused a decrease in 
overall ethanol conversion due to the formation of large Cu particles as was 
shown by TEM analysis, Figure 6.5 and pore blockage. On the other hand, at 
reaction temperature of 300oC, the results suggest that the Cu loading has no 
effect on the performance of the catalysts. This is, again, because of the Cu-















































Figure  6.10 EtOH partial oxidation: Effect of Cu loading 
±2% and 6% experimental error for conversion and selectivity, respectively. 
 
The supports acidity controlled the product distribution of the partial 
oxidation reaction of ethanol as shown in Figure 6.11. Contrary to the 
behaviour when silver was used as active metal, higher acetaldehyde 
selectivity can be achieved when copper was doped on the higher acidity 
zeolite. However, in terms of yield, acetaldehyde yield was the highest over 
the Cu supported zeolite catalyst. This could be due to the 3 dimensional 
structure of the Y-zeolite compared to 2 and unidimensional structure of ZSM 
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Figure  6.11 Acetaldehyde selectivity on 10wt%Cu loaded on different zeolites  
±2% and 6% experimental error for conversion and selectivity, respectively. 
6.3.2.2 Cu-Ag bimetallic Catalysts 
Ethanol partial oxidation over zeolite supported Cu-Ag bimetallic catalysts 
proved to be more active and selective to the production of acetaldehyde, 
AcA compared to Ag alone catalysts. Table 6.3 compares the activity and 
product selectivities of 5wt%Cu-10wt%Ag to 15wt%Ag loaded on mordenite 












































Support relative acidity 
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   Table  6.3. Bimetallic Vs. Ag alone: Effect of temperature 
Loading EtOH Product selectivity, % 
Cu Ag 
T 
X, % DEE AcA C2H4 Other Support 
wt% wt% 
o
C ±2% ±5% ±2% ±5% %±6% 
230 26 1.1 95.5 1.1 2.3 
275 41 3.1 71 3.6 22 
300 36 5.7 65 18 11 
Mordenite 5 10 
400 63 1.7 56.7 24 17.6 
         
220 8.1 10 90 0 0 
250 16 16 73 10 1 
300 32 22 38 39 1 
Mordenite - 15 
400 69 4.1 53.5 41 1.4 
 
The results show that the selectivity to acetaldehyde can be improved by as 
high as 70% with a corresponding activity increase by 12% over bimetallic 
system compared to an Ag alone catalyst. In terms of yield, the results show 
that the yield to acetaldehyde can be enhanced 2.5 times over the bimetallic 
system compared to Ag only catalyst. However, the production of byproducts 
was higher over the bimetallic mordenite compared to the Ag only mordenite. 
This suggests the presence of separate Cu particles on the surface of the 
zeolite along with the Cu-Ag alloy particles. Previously, it was demonstrated 
that Cu alone catalysts are not as selective as Ag alone catalysts for the partial 
oxidation of ethanol due to the high production of byproducts such as acetates 
and COx.   
 
This was demonstrated by comparing the catalysts performance in terms of 
ethanol conversion and acetaldehyde selectivity at constant operating 
conditions and different Cu/Ag loading ratios. Figure 6.12 show the effect of 
Cu/Ag loading ratio over mordenite support at 230oC, 9860h-1 GHSV, and, 
0.1 O2/EtOH feed molar ratio. The results clearly show that there is an 
optimum level Cu/Ag wt. ratio in order to achieve the highest ethanol 
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conversion and acetaldehyde selectivity. Above that level, higher extent of 
Cu-Ag phase separation will take place forming pure Cu and/or Cu rich 
particles compared to Cu-Ag alloy particles, resulting in a non-selective 
catalyst to acetaldehyde. An analogue behaviour was reported for ethylene 
epoxidation reaction over Cu-Ag bimetallic catalysts[72, 74]. It is possible 
that by decreasing the Cu content in the catalyst to an atomic level, a better 
performance could be achieved. Unfortunately, due to the lack of time, this 
was not investigated, however, recommended for further studies. 





 GHSV,  0.1 O2/EtOH feed molar ratio. ±2% and 6% 
experimental error for conversion and selectivity, respectively. 
 
 
The role of the type of zeolite used in the nature of Cu species in a Cu-Ag 
bimetallic system was clearly demonstrated previously using TPR and XPS 
techniques. The consequence of the presence of such variation in Cu species 
on the catalyst performance is shown in Figure 6.13. The figure shows the 
results obtained for ethanol partial oxidation over 5wt%Cu-5wt%Ag loaded 












































































temperature, 9860h-1 GHSV and 0.1 O2/EtOH feed molar ratio. This is a 
representative example. The results at other operating conditions are shown in 
Appendix C. The results show that due to the higher Cu+/Cu0 content as well 
as higher Cu/Ag atom ratio presence on the surface of the Y-zeolite, the 
selectivity to acetaldehyde as well as total ethanol conversion was the highest. 
In addition to that, the support acidity contributed in controlling the product 
selectivity in terms of ethanol dehydration activity. Because mordenite 
support is known for its high dehydration activity more DEE and C2H4 was 
produced and therefore a lower selectivity to acetaldehyde. This was also 
observed over the zeolite supported Ag catalysts.       


















Figure  6.13 Ethanol partial oxidation over zeolite supported bimetallic catalysts 
5wt%Cu-5wt%%Ag, 230
o
C reaction temperature, 9860h
-1
 GHSV and 0.1 O2/EtOH 




The effect of O2 concentration in the feed stream was determined by testing 
the ethanol partial oxidation over 5wt%Cu-10wt%Ag supported on H-
mordenite at different O2 to EtOH feed molar ratio. The total GHSV and 





Table  6.4 EtOH partial oxidation over bimetallic catalyst: O2 Effect 
O2:EtOH Conversion Product selectivity 
molar EtOH DEE AcA C2H4 acetates COx 
ratio % % % % % % 
0.1 33 4.7 68 12 13 2 
0.2 46 0.95 92.73 0.32 3 3 
0.4 55 0.6 85 0.04 1 13 
 
The results, shown in Table 6.4, show that by increasing the O2 partial 
pressure in the feed stream, both, the conversion and the selectivity to 
acetaldehyde can be increased. The results show that the production of 
acetates and ethanol dehydration products was reduced dramatically by 
doubling the concentration of O2 in the feed. However, further increase in the 
O2 concentration lead to a sudden increase in the total oxidation reaction and 
therefore, reducing the selectivity to acetaldehyde and producing more 
byproducts, mainly CO2. These results are in good agreement with previous 
studies over Ag only and Cu only systems. Over the Ag only catalysts, by 
increasing the O2 concentration in the feed, the selectivity to acetaldehyde 
increased reaching a constant level. However, over the Cu alone system, any 
increase in the O2 level caused an increase in the production of byproducts, 
mainly CO and CO2. The results suggest that by increasing the O2 
concentration, the Cu species get mainly oxidized or even phase segregated 
and therefore the bimetallic system is less selective.  
 
The results, also, give an insight on the reaction mechanism. The production 
of H2 and the dependency of the acetaldehyde selectivity on O2 partial 
pressure suggest that acetaldehyde is actually produced via the 
dehydrogenation and oxidative dehydrogenation of ethanol. The extent of 
each route is a function on the operating conditions, mainly temperature and 
O2 partial pressure. A detailed study is recommended where the actual O2 
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consumption could be compared with the total acetaldehyde and COx 
production.   
 
6.4 Summary 
It was demonstrated that zeolite supported Cu-Ag bimetallic catalysts have 
better performance for the partial oxidation of ethanol compared to Ag or Cu 
only catalysts. The results show that the yield to acetaldehyde can be 
enhanced 2.5 times over the bimetallic system compared to Ag alone catalyst. 
It was also demonstrated that an optimum level of Cu:Ag ratio and O2:EtOH 
feed ratio is required to achieve the optimum ethanol conversion and 
acetaldehyde selectivity. Further increase in Cu loading caused a reduction in 
the catalyst activity either due to phase segregation and/or Cu particles 
agglomeration, especially at high reaction temperature.  The increase in O2 
concentration increased the production of acetaldehyde over the bimetallic 
catalysts. However, any further increase enhanced the production of COx. 
The results open the possibility for a process for the production of 









7. Chapter 7. Ethanol 
oxychlorination to Ethylene 
Dichloride using a bi-










The direct production of ethylene dichloride from ethanol over zeolite 
supported CuCl2 catalysts was investigated. 60% EDC yield was achieved 
with ethyl chloride and ethylene as by products. EDC was produced via 
ethylene oxychlorination as well as the oxychlorination and 
disproportionation of ethyl chloride. An optimum feed composition of HCl 
and air was required to activate the catalyst and maximize EDC yield. The 
effect of reaction temperature and CuCl2 loading percentage were also 
studied. A reaction network was suggested by determining the role of both 




Ethylene dichloride, EDC is a major chemical intermediate and belongs to the 
group of chemicals with the highest annual production rate. The worldwide 
consumption of EDC was 32 million ton in 1999[54]. Its main use is in the 
manufacture of vinyl chloride monomer, VCM, which comprises 94% of 
EDC use, while the remaining goes to the production of ethylene amines, 
1,1,1-trichloroethane and vinylidene chloride. EDC is produced from ethylene 
either by direct chlorination using chlorine (1), or by oxychlorination with 
HCl as the chlorinating agent (2). 
 
C2H4 + Cl2 → ClH2CCH2Cl      (1) 
    
C2H4 + 2HCl + ½O2 → ClH2CCH2Cl + H2O      (2) 
 
ClH2CCH2Cl → H2CCHCl + HCl     (3) 
 
Generally in modern plants these two processes are balanced so that the HCl 
produced by cracking of EDC to make VCM (3) is sufficient for the 
oxychlorination reaction (2) and no net import of HCl is required[90]. 
 
Ethylene is normally produced in the petrochemical industry by catalytic 
cracking or steam cracking of hydrocarbons at temperatures as high as 850oC. 
However the development of sustainable and environmentally friendly 
feedstocks for the production of petrochemical products is needed. Ethanol, in 
particular, is considered to be a promising renewable source for replacement 
of hydrocarbon feedstocks. Ethanol is already produced on a large scale by 
fermentation from biomass material such as sugar cane or corn for fuel 
applications[1, 91]. It can also be produced from biomass via syn-gas[9, 11, 
12]. In the indirect approach, ethanol is first dehydrated to ethylene and this 
process is energy integrated with the conventional ethylene conversion 
processes[6, 7]. However, the development of single-stage processes, in 
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which ethanol is converted directly to bulk chemicals, would provide greater 
process intensification but requires new catalysts. The present chapter is 
concerned with the single stage catalytic oxychlorination of ethanol to EDC. 
A bi-functional catalyst which combines both dehydration and 
oxychlorination functions is used for the single stage conversion. 
 
The typical catalyst for ethylene oxychlorination is CuCl2 supported on 
alumina with minor amounts of promoters such as alkali metals rare earth 
chloride[46]. By-products of ethylene oxychlorination are monochloroethane, 
vinyl chloride, 1,1,2-trichloroethane, 1,1-dichloroethylene, cis-and trans-1,2-
dichloroethylene, tetrachloroethanes and chloral. Ethylene is also partly 
consumed by total oxidation to yield carbon oxides and formic acid[55].  
 
Except for 2 patents, no scientific literature has been found reporting the 
oxychlorination of ethanol to EDC. US patent 2, 442,285 (1948) claimed a 
process for the direct production of EDC from ethanol at 230 – 290oC over 
alumina supported CuCl2 catalyst containing NaCl[58]. A good yield of EDC 
was reported but no performance data was given. US patents 4,814,527 
(1989) and 4,910,176 (1990) claimed the selective production of EDC and 
ethylene from ethyl chloride or ethanol over CuCl2/zeolite catalysts[59, 60]. It 
was considered that ethyl chloride would be converted to ethylene and HCl 
on the zeolite by reverse of (4), and that part of the ethylene would be 
oxychlorinated to EDC by (2) on the CuCl2 to give the overall reaction (5).  
 
C2H4 + HCl ↔ CH3CH2Cl      (4) 
 
CH3CH2Cl + HCl + ½O2 → ClH2CCH2Cl + H2O   (5) 
 
It was further suggested that entry of the formed EDC to the zeolite would be 
restricted by diffusion, limiting the undesirable sequential cracking to VCM 
on the acid sites and heavy by-product formation. It was claimed that the 
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ethylene/EDC ratio could be varied over a wide range depending on the 
reaction conditions and catalyst acidity. A similar argument can be made for 
ethanol when dehydration takes place on the zeolite by (6), and the product 
ethylene is partly oxychlorinated to EDC according to reaction (2). The 
production of both ethylene and EDC is desirable in order that the overall 
process can be more easily balanced as described above. However, US 
patents 4,814,527 (1989) and 4,910,176 (1990) give only one example at a 
single temperature and feed composition for oxychlorination of ethanol.  
 
C2H5OH → C2H4 + H2O      (6) 
 
The catalysts used in the present study are bi-functional consisting of CuCl2 
supported on a zeolite support. The supports consisted of the medium pore 
zeolites based on H-ZSM-5 with variable SiO2/Al2O3 ratio, Y-zeolite and 
mordenite. The effect of CuCl2 loading was also investigated. Results are 
presented for oxychlorination of ethanol over a range of temperatures, feed 
compositions, especially the HCl/air ratio, and space velocity. 
Oxychlorination of ethyl chloride (EtCl) and ethylene were also studied 
briefly for comparison purposes. It is shown that the catalysts are active for 
the selective production of EtCl, EDC and ethylene. The main product at 
most conditions is EtCl. However, careful selection of conditions is required 
to avoid the production of VCM and other bi-products.   
 
7.2 Experimental 
7.2.1 Catalyst preparation and pretreatment 
Na-Mordenite(13), Y-zeolite(80), ZSM-5(280) and ZSM-5(50) were obtained 
from Zeolyst. The number in parentheses is the SiO2/Al2O3 ratio. Silicalite 
was prepared in our labs as follow: 0.2g sodium hydroxide was dissolved in 
35g of analytical grade deionised water. Tetrapropylammonium hydroxide 
solution (3.5g, 20%) was added and the solution was stirred well while 
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adding 20g of Ludox AS40 colloidal silica. The hydro-gel was then 
transferred to a Parr autoclave equipped with PTFE liner and heated at 175oC 
for 4 days while agitating by slow rotation. Finally, the product was filtered, 
washed with deionised water and dried overnight. The powder was calcined 
in a tubular furnace in air flow. NH4-mordenite was prepared by ion-
exchange method with NH4NO3. The H-forms of the zeolites were prepared 
by calcination at 550oC in air for 10hrs.  
 
The CuCl2 catalysts were prepared by dry impregnation of the H-form of 
zeolites with an aqueous solution of CuCl2.2H2O and dried at 110
oC 
overnight. The catalyst was heated overnight in situ at 300oC with argon flow. 
The temperature was then decreased to the reaction temperature and a flow of 
HCl (42cc/min) and air (72cc/min) was passed over the catalyst for 1 hour 
before introducing the ethanol flow. 
 7.2.2 Catalyst characterization 
X-ray powder diffraction was done on a PANalytical X'Pert PRO X-ray 
diffractometer using Cu-Kα radiation (λ = 0.15418 nm). Data were collected 
over the 2θ range 5–80° with a step size of 0.004° and a count time of 7 s per 
step. The Cu, Si and Al contents of the zeolites were determined using a PE 
Optima 2000 DV inductively coupled plasma ICP. Catalysts were dissolved 
in HF for analysis. X-ray photoelectron spectroscopy (XPS) was performed 
on a Kratos Axis Ultra-DLD photoelectron spectrometer using 
monochromatic Al-Kα radiation (photon energy 1486.6 eV). Survey scans 
were performed with a pass energy (PE) of 160 eV, while detailed scans were 
performed at PE 40 eV. All data were calibrated to the C1s signal, which was 
assigned a b.e. of 284.7 eV and attributable to adventitious carbon. 
 
7.2.3 Catalyst activity 
A 10mm I.D. tubular flow reactor was used to study the gas phase reaction. 
The reactor was electrically heated and the temperature was 
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controlled/measured by a thermocouple placed in the centre of the catalyst 
bed. 0.7g of CuCl2 supported zeolite (0.5-0.85mm particle diameter) was 
mixed with silicon carbide and placed in the middle of the reactor supported 
by quartz wool from both ends. Gas feeds (ethylene, Ar, air, N2, HCl/N2) to 
the reactor were controlled by mass flow controllers. Liquid ethanol was 
pumped into an evaporator/mixer (counter current configuration at 150oC) 
where it mixed with an Ar flow. The ethanol/argon mixture was then fed into 
a mixer/pre-heater made of glass lined s.s. tubing where HCl and air were 
added to adjust the reactor feed composition. For experiments with ethyl 
chloride, ethyl chloride/N2 premixed gas was supplied to the feed gas 
mixer/pre-heater via a mass flow controller. To avoid corrosion and product 
reactions in the reactor exit lines, PFA tubing was used for all lines prior and 
after the reactor containing HCl. The lines were trace heated to avoid any 
condensation. NaOH solution and Norit activated carbon were used as 
scrubber for any unreacted HCl and halogenated products. The product 
stream from the reactor was analyzed continuously by online FID GC with a 
Carbopack B column. Using a temperature program (isothermal at 45oC for 4 
min, increase of temperature up to 220oC with a heating rate of 8oC/min and 
then hold at 220oC for 5min) ethylene, EtCl, ethanol and EDC were easily 
separated at retention times of 1.9, 6.2, 6.8 and 15.1 min, respectively. The 
main by-products were also readily identified. The response factors for 
chlorinated compounds were determined using a calibration mixture obtained 
from Restek. An example of GC peaks and the response factors are shown in 
Appendix B. The carbon balances were ±2% at all the conditions studied 
demonstrating that the production of carbon oxides was very small. 
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7.3 Results and discussion 
7.3.1 Catalyst characterization 
7.3.1.1 XRD and ICP analysis 
All the zeolite samples were checked by XRD for phase purity. The Cu 
contents of the zeolite supported CuCl2 catalysts were determined by ICP, 
Table 7.1. The measured values were found to be in a good agreement with 
the nominal loadings. Mordenite gave a particularly low Si/Al ratio due to the 
inclusion of binder. 
 
Table  7.1 ICP element analysis 
Nominal Actual values from ICP analysis 
wt% wt% atom% atom ratio support 
CuCl2.2H2O Cu Cu Cu Si/Al Cu/(Si+Al) 
ZSM-5(50) 3.5 1.30 1.32 1.81 21 0.019 
ZSM-5(50) 6 2.24 2.30 3.01 21 0.034 
ZSM-5(50) 10 3.80 3.63 4.46 21 0.054 
Y-zeolite(80) 10 3.76 3.65 3.92 33 0.046 
Mordenite(13) 10 3.73 3.65 3.73 1.3 0.044 
 
The catalysts were analyzed before and after calcination by XRD. Before 
calcination, CuCl2.2H2O diffraction peaks were observed for all the zeolite 
supported catalysts. The intensity of the Cu related peaks depended on the 
CuCl2 loading as well as the type of the zeolite. However, after calcination, 
most of the catalyst XRD patterns showed no significant peaks for any Cu 
species. An example is given in Figure 7.1 for 10 wt% CuCl2.2H2O /Y-
zeolite, where the disappearance of the CuCl2.2H2O peaks on calcination can 
be clearly seen. This implies that the CuCl2.2H2O particles are reasonably 
crystalline and of significant size. After calcinations and the loss of the water 
of hydration, the CuCl2 or partially oxidized Cu species are amorphous. 
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Figure  7.1 XRD pattern for 10wt%CuCl2.2H2O supported on Y-zeolite. 
 a) before & b) after calcination. * represents the XRD pattern for CuCl2.2H2O 
 
7.3.1.2 XPS analysis 
Attempts were made to measure the Cu dispersion using CO adsorption 
method. However, the interference of adsorption by the zeolite gave 
unreliable results. XPS analysis was used to explore the state of Cu, the Cl/Cu 
ratio and to give some idea of the CuCl2 dispersion in a representative 
selection of the calcined catalysts. The catalysts were also air dried at 120oC 
just before loading to the instrument to avoid the presence of water of 
hydration. Figure 7.2 shows the Cu2p3/2 photoelectron lines for CuCl2 on 
ZSM-5(50), Y-zeolite, and mordenite supports (at a nominal 10wt% loading 
of CuCl2.2H2O). Line positions, full width at half-maxima (FWHM) and 
atomic ratios based on relative intensities are given in Table 7.2. The spectra 
in Figure 7.2 show the presence of both Cu2+ and Cu+. The Cl/Cu ratio is 
close to 2 for Y-zeolite and mordenite, but less than 1 for ZSM-5. These 
results indicate the presence of CuCl2, CuCl, and CuO, on the catalysts, with 
significantly more CuO in the case of ZSM-5. This is broadly in agreement 
with findings of Prasad et al[92] who determined that at 300oC (our pre-
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treatment temperature), a typical Cu based ethylene oxychlorination catalyst 







Figure  7.2 Cu(2p3/2) photoelectron spectrum of zeolite supported 10wt%CuCl2.2H2O 
            a) Mordenite, b) Y-zeolite and c) ZSM-5 (50)  catalysts 
 
 
Table  7.2 XPS element analysis of calcined 10wt%CuCl2.2H2O catalysts 
Cu(2p3/2) Si/Al Cl/Cu Cu/(Si+Al) 
atom ratio 
atom 







XPS ICP XPS XPS ICP 
ZSM5(50) 935.3 4.1 9.4 21 0.63 0.009 0.054 
Y-zeolite (80) 935.8 4.0 7.19 33 1.7 0.015 0.046 
Mordenite (13) 935.3 3.1 0.3 1.3 2.2 0.022 0.044 
 
The discrepancy between the Cu content measured using ICP and XPS 
methods provides some information on the Cu dispersion. The presence of 
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large CuCl2 particles as evidenced from XRD, would give rise to a weak Cu 
signal relative to the Si+Al from the support. However, exchange or 
incorporation of CuCl2 in the zeolite would also reduce the apparent surface 
concentration. The dramatically lower value of Cu content for ZSM-5 
suggests probably both significant exchange and the formation of large CuCl2 
particles on the exterior surface of the zeolite taking place.  
 
7.3.2. Ethanol reactions over pure zeolite 
In Chapter 5, the role of uncovered area of the zeolite was investigated for 
ethanol dehydration. It was established that, H-mordenite has the highest 
relative acidity compared to Y-zeolite and ZSM-5. Among the ZSM-5 
structure, the obtained results of ethanol dehydration activity was consistent 
with the literature, i.e. the lower the Si/Al ratio, the higher the surface acidity 
of the catalyst and hence the higher the dehydration activity. At low 
temperature, DEE was the main product, reaching a maximum value as the 
temperature increased. At higher temperatures the selectivity to DEE 
decreased at the same time as ethylene production increased. The total 
selectivity to by-products; methane, methanol, ethane, C3, C4, and C5+ were 
less than 2% at 300oC reaction temperature. 
 
 The addition of CuCl2 caused a reduction of the ethanol dehydration activity 
of the catalyst due to blocking the acidic active sites in the zeolite. Figure 7.3 
compares the ethanol dehydration over ZSM-5(280) before and after the 
addition of CuCl2. The higher DEE to ethylene yield ratio and lower total 
ethanol conversion demonstrate the reduction in the zeolite activity. For the 
same zeolite and operating conditions, the reduction in dehydration activity 
was proportional to the CuCl2 loading. This suggests that the active CuCl2 
actually deposited on the outer surface of the catalyst. Moreover, the total 
selectivity to by-products increased to up to 5% at the same operating 
conditions, mainly C4 and C5+ 
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Figure  7.3. Ethanol dehydration over ZSM-5 (280) and 6wt%CuCl2.2H2O ZSM-5 (280) 
 
7.3.3 Ethanol reaction with HCl and air over pure zeolite 
In order to understand the role of the zeolite in the direct production of EDC 
from ethanol in a dual-bed catalytic system, ethanol oxychlorination reaction 
was tested over different zeolites with different structures, Table 7.3. Over all 
zeolites, the main products were C2H4 and EtCl, mainly the latter. The other 
by products were methane, CH3Cl (methanol hydrochlorination), 
Acetaldehyde, AcA (ethanol oxidation), VCM (EDC cracking), CHCl3 
(CH3Cl chlorination), and DEE (ethanol dehydration). Two main parallel 
reactions took place over the zeolites acidic surface. The 1st reaction being the 
hydrochlorination of ethanol producing EtCl and water. The 2nd reaction is 
the dehydration of ethanol producing C2H4 and water. 
 












































The extent of both reactions depends on both temperature and zeolite 
properties. The results show that the product distribution can be controlled by 
varying the reaction temperature. The higher the temperature is the higher the 
selectivity to C2H4. It’s also believed that at higher temperatures, EtCl 
disproportionates producing C2H4 and EDC according to reaction 8. However 
only a maximum of 4mol% selectivity to EDC was achieved over pure zeolite 
within the tested temperature range, GHSV and feed composition. 
 
2CH3CH2Cl + O2 → C2H4 + ClCH2CH2Cl + H2O    (8)  
 
In terms of ethanol conversion, ZSM-5 showed the most promising results 
compared to Y-zeolite and H-mordenite. At 96.36% conversion of ethanol, 
the selectivities to C2H4, EtCl and EDC were 28, 65, and 3.6% respectively. 
The performance of both Y-zeolite and H-mordenite was less than expected, 
considering their higher relative acidity compared to the ZSM-5. It is 
expected that the total number of acid sites were reduced as a result of 
dealumination in the presence of HCl. 
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 Table  7.3 EtOH oxychlorination over pure zeolites. 
















250 95 8.8 0.12 88 0.42 2.3 
275 96 11.4 0.11 85 1.1 2 ZSM-5(50) 
300 96 28 0.22 65 3.6 3.1 
        
250 31 16.87 0.29 82.56 0.11 0.17 
275 31 39.56 0 59.61 0.59 0.24 Y-zeolite(80) 
300 31 70 0.45 25 4.1 0.35 
        
250 77 8.9 0.19 90.83 0.05 0.03 
275 79 13 0.25 86.62 0 0.13 Mordenite(13) 
300 80 19 0.42 79 0.65 0.09 
 Feed composition vol%: 8%EtOH, 18%HCl, 31%Air. 11550h-1 GHSV. 1barg 
Other: CH3Cl, acetaldehyde, CHCl3, and diethyl ether 
 
 
The other factor controlling the product distribution is the zeolite acidity. 
Comparing the results obtained over silicalite (no Al2 content), ZSM-5(280) 
and ZSM-5(50), shown in Table 7.4, the selectivity to C2H4 increased with 
increasing the aluminum content of the zeolite which contributes to the 
acidity of the zeolites. It is also worth noting that, even though with the low 
level of EDC production, the higher zeolite acidity favours the 
disproportionation of EtCl producing EDC. Carmello et. al. determined that 
the activity of uncovered surface of γ-Al2O3 was responsible for the 
dehydrochlorination of EtCl which is considered as a probe molecule for the 
dehydrochlorination reaction of EDC[93]. It is only reasonable to assume 
that, a higher surface area and acidity catalyst enhances such reaction. 
However, when ethanol was used as the feed instead of ethylene, the EDC 
cracking to VCM was lower with higher surface acidity. It is expected that, 
with higher surface acidity, the ethanol dehydration and dehydrochlorination 
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was much higher than that over lower acidic catalyst producing more water 
which is believed to absorb stronger on the surface of the zeolite leaving 
fewer available acid sites for EDC cracking. 
 
Table  7.4 EtOH oxychlorination over ZSM-5 zeolites. 
















250 94 8.8 0.12 88 0.42 2.3 
275 95 11 0.11 85 1.1 2.0 ZSM-5(50) 
300 94 28 0.22 65 3.6 3.1 
        
250 80 6.2 0.82 91.55 0.03 1.4 
275 83 5.6 0.80 92.68 0.46 0.56 ZSM-5(280) 
300 84 11 1.0 84.66 3.0 0.34 
        
250 27 1.7 1.0 95 0.00 2.3 
275 36 2.1 0.91 95 0.11 1.5 Silicalite 
300 53 5.3 0.90 93 0.43 0.17 
Feed composition vol%: 8%EtOH, 18%HCl, 31%Air. 11550h
-1
 GHSV. 1barg 
Other: CH3Cl, acetaldehyde, CHCl3, and diethyl ether 
 
7.3.4. CuCl2 role in the bi-functional catalyst 
To determine the contribution of the impregnated CuCl2 active components 
on the surface of the zeolites, C2H4 and EtCl were fed, separately, along with 
HCl and air over 6wt% CuCl2.2H2O/ZSM-5(50), tables 7.5 and 7.6 
respectively. Table 7.5 shows the results of C2H4 oxychlorination with feed 
composition of 9, 18, and 31vol% for C2H4, HCl, and Air respectively. The 
results show reasonable levels of C2H4 conversion with EDC and EtCl being 
the main products (2 and 4). 
 
The selectivity to EDC can be increased from less than 14% at a reaction 
temperature of 250oC to higher than 45% at 300oC. It was also noted that 
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VCM selectivity increased to as high as 5% at high temperatures. This is 
probably due to the dehydrochlorination of produced EDC over the 





Compared to the results obtained over 14wt%CuCl2.2H2O-5wt%NaCl/γ-
Al2O3 (shown in Chapter 8), the EDC selectivity was greatly affected by the 
use of zeolites as a support. Over γ-Al2O3 as a support, 99% selectivity to 
EDC was achieved at the same level of C2H4 conversion. This is mainly due 
to the lower acidity of γ-Al2O3 compared to the zeolite. It is believed that the 
acidity of the support can enhance C2H4 chlorination (4). These results also 
suggest that the chlorination reaction of ethylene takes place on the zeolite 
surface and not on the CuCl2 active compounds. Moreover, due to the higher 
acidity of the zeolite, EDC cracking was very low when γ-Al2O3 was used, 
maximum 0.24%, compared to 5% over ZSM-5 support. These results agree 
well with Carmello et. al. conclusions on the effect of the support’s 
uncovered surface on EDC cracking [93]. 
 
This is also in agreement with the results obtained when EtCl was used as a 
feed along with HCl and air over the same catalyst, 6wt%CuCl2.2H2O/ZSM-
5(50). The feed composition was 2, 18, and 31vol% for EtCl, HCl, and air 
respectively, Table 7.6. The reaction selectively produced ethylene and EDC. 
VCM, CHCl3, and TCA were the by products. The product distribution can 
Table  7.5 C2H4 oxychlorination over 6wt%CuCl2.2H2O/ZSM-5(50).   

















250 6.3 0.00 0.17 0.18 86 0.00 13 
275 6.9 0.05 0.45 1.0 75 0.00 23 
300 9.2 0.24 1.9 5.1 45 0.14 46 
Feed composition vol%: 9%C2H4, 18%HCl, 31%Air. 11550h
-1
 GHSV. 1barg 
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be varied depending on the reaction temperature. The much lower 
concentration of ethyl chloride used compared to ethylene (therefore lower 
kinetic driving force), suggests that the direct oxychlorination route is more 
significant especially at the higher temperature. EDC is believed to be 
produced via the oxychlorination and disproportionation reaction of EtCl over 
the surface of the catalyst, reactions 5 and 8. 
 
The effect of temperature on the extent of reactions 6, 7, and 8 was opposite 
to that reported in US patents 4,814,527 (1989) and 4,910,176 (1990)[59, 60]. 
Our results demonstrate that higher reaction temperature favours the 
production of EDC over C2H4. It is believed that any produced ethylene from 
disproportionation (8) and/or dehydrochlorination of EtCl (4), would be 
oxychlorinated to produce more EDC as the temperature increased further 
increasing the selectivity to EDC. The results are consistent with those 
obtained in Table 7.5. 
 
A similar study was conducted using γ-Al2O3 as a support (results are 
discussed in Chapter 8). EtCl conversion was much higher over the higher 
acidity ZSM-5 support at the same operating conditions. However, the 
selectivity to C2H4 was also higher for the same reason. The selectivity to 
VCM was as high as 2.4% on ZSM-5 compared to zero on γ-Al2O3. 
 
Table  7.6 EtCl reaction with HCl and air over 6wt% CuCl2.2H2O/ZSM-5 (50).   















250 25 30 0.64 0.00 69 0.00 
275 51 19 1.7 0.41 78.89 0.00 
300 55 12 2.4 0.36 85 0.24 
Feed composition vol%: 2%EtCl, 18%HCl, 31%Air. 11550h-1 GHSV. 1barg 
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7.3.5 Ethanol oxychlorination over zeolite supported CuCl2 
catalysts 
 
The direct production of EDC from EtOH was conducted over different types 
of zeolite supported CuCl2 catalysts. Figure 7.4 shows the results obtained at 
300oC reaction temperature, 1barg operating pressure, 11550h-1 GHSV, and 
feed composition of 8vol% EtOH, 18vol%HCl, and 31vol% air. Three types 
of ZSM-5 zeolite supports where used; silicalite (no alumina content), ZSM-
5(280), and ZSM-5(50).  
 
The results suggest that EDC selectivity is higher when ZSM-5 with higher 
alumina content was used; 93% EtOH conversion and 50% EDC selectivity. 
However, the production of by-products, mainly AcA and VCM, was more 
over the higher acidity ZSM-5. This is due to the higher yield of both 
ethylene and EtCl over the uncovered surface of ZSM-5. These results are in 




Figure 7.4 also compares the use of different zeolite’s structures as a support. 
The results show that ZSM-5(50) has a better performance in terms of 
conversion and EDC selectivity, compared to Y-Zeolite and Mordenite 
support. It is expected that mordenite and Y-zeolite undergo higher 
dealumination due to the presence of HCl compared to ZSM-5 since 
dealumination is higher for zeolites with larger surface area and higher 
aluminum content[94].  
 
The ethanol oxychlorination was studied over a dual-bed catalytic system 
consisting of a zeolite pre-bed and a typical ethylene oxychlorination catalyst 
(the results are discussed in Chapter 8). The performance of the dual bed in 
terms of EDC selectivity and yield was much better than the bi-functional 
catalysts shown in Figure 7.4. When the dual beds were mixed in a single 
bed, the selectivity to EDC decreased, agreeing well with the previously 
observed effect of the acidic zeolite support. Also, the production of by-
products was minimum in the dual bed system compared to the bi-functional 

























































Other includes: CH3Cl, AcA, VCM, DEE, and TCA. ±2% experimental error 
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Table 7.7 summarizes the tests investigating both the effect of reaction 
temperature and CuCl2 loading on the direct production of EDC from ethanol. 
As expected, the results show an increase in EDC yield with increasing 
temperature as well as increasing the loading percentage of CuCl2. The 
increase in EDC yield was proportional to the increase in Cu content on the 
catalyst. The product distribution of ethylene, EtCl and EDC are consistent 
with the studies summarized in tables 7.5 and 7.6. Unfortunately, the 
production of VCM also increased with increasing both, temperature and Cu 
loading. 
 
Table  7.7 Product distribution as a function of temperature and Cu loading  
EtOH Product selectivity CuCl2.2H2O 
Loading 
T 
X C2H4 CH3Cl AcA VCM EtCl DEE  EDC 
wt% 
o
C % % % % % % % % 
250 88 6.9 0.08 0.35 0.06 91 0.02 1.5 
275 84 14 0.13 0.11 0.12 76 0.12 8.9 3.5 
300 88 21 0.48 0.66 2 51.64 0.22 24 
           
250 87 7.5 0.1 0.61 0.06 98.65 0.08 2 
275 87 17 0.26 1.3 0.14 71.6 0.2 9.5 6 
300 87 22 0.63 2.1 1.6 30 0.36 43 
           
250 97 8.9 0.11 0.37 0.06 75 0.02 15 
275 91 22 0.28 1.5 0.32 48.79 0.11 27 10 
300 94 19 0.96 3.2 2.4 22.7 0.12 51.62 
Support: ZSM-5 (50) 





7.3.6. Feed composition 
Table 7.8 shows the effect of HCl and air compositions in the feed stream on 
the product distribution over 6wt%CuCl2.2H2O supported ZSM-5 at 275
oC 
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temperature and 11550h-1 GHSV. The main products were EDC, EtCl, and 
ethylene. Minor by-products were methyl chloride, CH3Cl; acetaldehyde, 
AcA; vinyl chloride, VCM; and diethyl ether; DEE. In both cases, a 
maximum in EDC selectivity (minimum EtCl) was observed indicating that 
an optimum feed composition was required for efficient EDC formation. It is 
assumed that this relates to the formation of the catalytically active state of 
the copper in the catalyst, as evidenced by XPS. 
 
Table  7.8 Effect of feed composition.  
feed composition 
vol% 
EtOH Product selectivity, % 
EtOH HCl Air X, % C2H4 CH3Cl AcA VCM EtCl DEE EDC 
8 32 31 72 11 0.07 1.1 0.17 73 0.1 14 
8 18 31 85 14 0.21 2 0.32 58 0.09 25 
8 12 31 61 20 0.51 2.4 0.21 67 0.12 9.7 
            
8 18 22 82 18 0 2.7 0 74.97 0.13 4.2 
8 18 31 85 14 0.21 2 0.32 58 0.09 25 






±2% experimental error 
 
7.4 Summary 
It has been demonstrated that bio-ethanol can be, efficiently, used as a feed 
stock for the production of ethylene dichloride instead of petroleum ethylene. 
60% EDC yield was achieved with ethyl chloride and ethylene as by 
products. Minor by-products were methyl chloride, acetaldehyde, and vinyl 
chloride. An optimum feed composition of HCl and air was required to 
activate the catalyst and maximize the EDC yield. EDC production has a 
direct relationship with the reaction temperature as well as CuCl2 loading. 
The uncovered zeolite area was responsible for the dehydration and 
chlorination of ethanol producing ethylene and ethyl chloride. These, then, 













8. Chapter 8. 
Oxychlorination of Ethanol 
to Ethylene Dichloride 







The direct production of ethylene dichloride, EDC, from ethanol over a dual-
catalyst bed consisting of a zeolite pre-bed and a CuCl2-NaCl/γ-Al2O3 
oxychlorination catalyst has been shown to give 80% yield of EDC with ethyl 
chloride and ethylene as the main by-products. The effects of temperature, 
HCl/air ratio and space velocity were investigated. The most effective zeolite 
was ZSM-5. It is concluded that the main route to EDC was via ethyl chloride 





This chapter reports the single stage production of EDC from ethanol using a 
dual-catalyst bed configuration consisting of a zeolite catalyst in the first bed 
and a typical CuCl2 oxychlorination catalyst in the second bed. The effects of 
reaction temperature, feed composition, and zeolite were studied. It was 
expected that ethanol would be dehydrated over the zeolite in the first bed 
producing ethylene, and that the product ethylene would be oxychlorinated to 
EDC in the presence of HCl and air over the CuCl2 catalyst. However, it has 
been shown that the main route to EDC is via formation ethyl chloride and its 
subsequent oxychlorination and disproportionation. The performance of the 
dual-bed is compared to a physical mixture. The results demonstrate that 
approximately 80% yield of EDC can be achieved directly from ethanol.     
8.2. Experimental 
8.2.1 Catalyst preparation and pretreatment 
The zeolite catalysts for the first bed were prepared as was described in 
Chapter 7. The oxychlorination catalyst for the second bed, 14wt%CuCl2 + 
5wt%NaCl on γ-Al2O3 , was prepared according to the procedure described in 
US patent 2,442,285 (1948)[58]. The Cu content of the catalyst was verified 
by ICP. BET surface area was determined to be 150m2/g. The catalyst was 
heated overnight in situ in the reactor at 300oC with argon flow. The 
temperature was then decreased to the reaction temperature and a flow of HCl 
(42cc/min) and air (72cc/min) was passed over the catalyst for 1 hour before 
introducing the ethanol flow. 
 
8.2.2 Catalyst activities 
A similar experimental setup was used here to that detailed in Chapter 7. In 
the case of dual bed experiments, SiC diluted 0.7g of 14wt%CuCl2- 
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5wt%NaCl/γ-Al2O3  was loaded in the lower part of the reactor. On top of it 
SiC diluted 0.7g of zeolite catalyst was loaded. The 2 beds were separated 
with quartz wool. In the case of physical mixture, 0.7g of both beds were 
physically mixed and diluted with SiC and loaded into the reactor as a single 
bed. 
8.3. Results and discussion 
8.3.1 Reactions over CuCl2-NaCl/γ-Al2O3 
8.3.1.1 Ethylene oxychlorination 
The C2H4 oxychlorination activity of the catalyst was tested at 250-300
oC 
with a close to stoichiometric feed composition of 9, 18, and 31vol% for 
C2H4, HCl, and air respectively at a GHSV of 11,550h
-1. This feed 
composition and reaction temperature is typical of industrial oxychlorination 
processes. The results are given in Table 8.1. The catalyst showed good 
activity for C2H4 oxychlorination with high selectivity to EDC. Small 
amounts of EtCl and VCM were detected with a total selectivity less than 2%. 
VCM increased with increasing temperature due to dehydrochlorination of 
the product EDC over the γ-Al2O3 according to reaction (3-Chapter 7). The 
ethylene conversion reached 25% at 300oC corresponding to a reaction rate of 
3.2 mmol l-1 s-1, and apparent activation energy of 70kJ/mol assuming a first 
order reaction. The values are in line with the published values in the 
literature[95].      
 
Table  8.1 C2H4 oxychlorination over 14wt% CuCl2-5wt%NaCl/γ-Al2O3 











250 6.2 0.00 1.4 98.6 
275 8.2 0.00 1.0 99 
300 26 0.24 0.47 99 
Feed (vol%): 9%C2H4, 18%HCl, 31%Air; GHSV = 11550h
-1
; 1barg  
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8.3.1.2 Ethyl chloride oxychlorination 
Ethyl chloride oxychlorination was studied from 250-300oC with a feed 
composition of 2, 18, and 31vol% for EtCl, HCl, and air respectively. The 
results are given in Table 8.2. The reaction selectively produced EDC and 
ethylene with the selectivity to ethylene falling as temperature increased. 
Trichloroethane, TCA, was the only significant by-product, which is 
produced by the hydrochlorination reaction of VCM which was not detected.  
 
Table  8.2 EtCl reaction with HCl and air over 14wt% CuCl2-5wt%NaCl/γ-Al2O3 
Feed (vol%): 2%EtCl, 18%HCl, 31%Air; GHSV = 11550h
-1
; 1barg  
TCA: trichloroethane 
 
The conversions at 250 and 275oC are low and similar in magnitude to 
ethylene oxychlorination, Table 8.1, which might be taken as evidence that 
the route to EDC may be via dehydrochlorination as in (4-Chapter 7) 
followed by oxychlorination of ethylene according to (2-Chapter 7). 
Thermodynamic calculation by Aspen (summarized in Appendix A) shows 
that the equilibrium of (4-Chapter 7) lies toward ethylene at the conditions 
used. However, reaction (4-Chapter 7) is known to be catalysed by acidic 
sites on the alumina support which are blocked by CuCl2 and NaCl in typical 
oxychlorination catalysts[93], suggesting that this is not the main route to 
EDC. The disproportionation of EtCl to EDC and ethylene (8-Chapter 7) 
followed by ethylene oxychlorination to EDC by (2-Chapter 7) and direct 
oxychlorination of ethyl chloride to EDC (5-Chapter 7) can also take place. 
At 300oC, the conversion of ethyl chloride to EDC, Table 8.2, is greater than 
that of ethylene to EDC, Table 8.1. The much lower concentration of ethyl 
chloride used compared to ethylene (therefore lower kinetic driving force), 











250 1.1 30 70 0.00 
275 9.0 13 87 0.00 
300 35 4.5 94.85 0.65 
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suggests that the direct oxychlorination route is more significant especially at 
the higher temperature. 
8.3.1.3 Ethanol oxychlorination 
The EDC yield from ethanol oxychlorination over CuCl2-NaCl/γ-Al2O3 was 
low at 250-300oC; the main product was EtCl with selectivities of over 80%, 
Table 8.3. This contrasts sharply with US patent 2,442,285 (1948) which 
claimed a good yield of EDC from ethanol in the same temperature range[58].   
 
Table  8.3 EtOH oxychlorination over 14wt% CuCl2-5wt%NaCl/γ-Al2O3. 




















250 64 0.33 0.1 6.4 0 88 0 0 5 
275 76 0.68 0.17 0.97 0 94.7 0 0.08 3.4 
300 80 1.1 0.22 0.73 0.08 82.8 0 0.07 15 




DEE: Diethyl ether 
 
The activity for ethanol conversion to EtCl was much higher than for ethylene 
or ethyl chloride oxychlorination to EDC at the same conditions, which is a 
clear indication that EtCl is formed by the rapid direct hydrochlorination of 
ethanol (7-Chapter 7),  and not by dehydration to ethylene (6-Chapter 7) 
followed by hydrochlorination of ethylene by reverse of (4-Chapter 7). In fact 
as pointed out above, the equilibrium of (4-Chapter 7) lies towards ethylene at 
the conditions used and it does not take place at a significant rate over the 
catalyst. 
 
EDC increases as temperature and selectivity to EtCl falls suggesting a 
sequential reaction of EtCl to EDC, mainly by oxychlorination (5-Chapter 7) 
as noted above (there is a loss of selectivity to EtCl at the lower temperature 
due to the formation of oxygenated by-products such as acetaldehyde), Table 
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8.3. The EDC cracking to VCM was very low at all conditions due to the low 
acidity of the NaCl promoted γ-Al2O3 catalyst and agrees well with the 
findings of Carmello et al[93]. Diethyl ether, DEE, is observed at the higher 
temperatures due to a small amount of dehydration of ethanol on the γ-Al2O3 
support. The low selectivity to ethylene is also due to the low acidity of the 
catalyst which does not dehydrate ethanol to ethylene significantly below 
300oC[32]. 
 
The effect of temperature on the extent of these reactions was opposite to that 
reported in US patents 4,814,527 (1989) and 4,910,176 (1990)[59, 60], 
although it was noted in the patents that the ratio of EDC/ethylene could be 
varied over a wide range by balancing the CuCl2 loading and support acidity. 
The results show that higher reaction temperature favours the production of 
EDC rather than C2H4. This is a consequence of the dominance of the direct 
oxychlorination of EtCl (5-Chapter 7) due to the high loading of CuCl2 
compared to the zeolite supported catalysts of US patents 4,814,527 (1989) 
and 4,910,176 (1990), and the relatively low catalyst acidity. In any case, any 
produced ethylene from disproportionation (8-Chapter 7) and/or 
dehydrochlorination of EtCl (4-Chapter 7), would be oxychlorinated to 
produce more EDC as the temperature increased, further increasing the 
selectivity to EDC. 
 
8.3.2 Ethanol oxychlorination over the dual-catalyst bed 
configuration 
8.3.2.1 Effect of zeolite  
The direct production of EDC from EtOH was carried out at 250 to 300oC 
using a dual-catalyst bed configuration consisting of a zeolite catalyst in the 














































Figure  8.1 EDC production from EtOH over dual-catalyst bed at 300oC. 
Bed 1 = zeolite; bed 2 = 14wt%CuCl2-5wt%NaCl/γ-Al2O3. Other includes: CH3Cl, 
Acetaldehyde, VCM, diethyl ether, and  trichloroethane.  ±2 experimental error 
 
A range of zeolites (ZSM-5(50), ZSM-5(280), mordenite(13), Y-zeolite(80)) 
were investigated initially for the pre-bed spanning variation in acidity and 
structure. In general, while EtCl was the main product at 250oC, EDC 
increased with temperature becoming the main product for all except the 
ZSM-5(280) pre-bed at 300oC. Figure 8.1 shows the results obtained at 
300oC, 1barg operating pressure, 11,550h-1 GHSV (based on the volume of 
the CuCl2 catalyst bed or zeolite catalyst bed) with a feedgas composition of 
8vol% EtOH, 18vol%HCl, and 31vol% air. The selectivity to VCM was very 
low reaching 0.3% maximum at 300oC indicating a low EDC cracking rate 
over the catalysts. By far the best performance in terms of both ethanol 
conversion and EDC selectivity was obtained using the ZSM-5(50) pre-bed, 
giving 99% EtOH conversion, 84% EDC selectivity and an estimated HCl 
conversion of 80%. 
 
Ethanol oxychlorination over 14wt%CuCl2-5wt%NaCl/γ-Al2O3 produced 
mainly EtCl as reported above, Table 8.3, while ethylene and EtCl itself are 
rapidly oxychlorinated to EDC, Tables 8.1 and 8.2 respectively. In the dual-
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catalyst bed configuration EDC is formed, therefore, from oxychlorination of 
the EtCl and ethylene produced in the zeolite pre-bed over the 14wt%CuCl2-
5wt%NaCl/γ-Al2O3 catalyst bed. The formation and oxychlorination of EtCl 
is the main route to EDC. As discussed below the relatively high yield of 
EDC with a ZSM-5(50) pre-bed apparent in Figure 8.1 is due to the high 
yields of EtCl and ethylene from ethanol obtained over ZSM-5(50), Table 
8.6. 
 
8.3.2.2 Effects of temperature and space velocity 
A pre-bed of ZSM-5(50) was used to explore the effects of temperature, 250-
300oC, and space velocity on the product distribution, Table 8.4. High space 
velocity over the oxychlorination catalyst in the dual-catalyst bed system was 
achieved by reducing the volume of the second bed, so that the flow rate and 
hence residence time in the pre-bed remained unchanged.  
 
Table  8.4:  Effect of space velocity at different reaction temperatures 
GHSV, h-1 T EtOH Product selectivity, % 

















250 94 5.9 0.11 0.07 0.07 78.83 0.02 15 
275 98 4.7 0.12 0.22 0.07 44.88 0.01 50 11550 11550 
300 99 0.93 0.08 0.29 0.07 15 0 83.63 
           
250 95 7.5 0.11 0.17 0.07 79 0.01 13 
275 94 7.7 0.08 0.41 0.12 60.85 0.02 30.82 11550 23100 
300 96 3.5 0.05 0.34 0.1 38 0.04 57.97 
Bed 1: ZSM-5(50), bed 2: 14wt%CuCl2-5wt%NaCl/γ-Al2O3;  
Feed ( vol%):8%EtOH, 18%HCl, 31%air; 1barg 
AcA: acetaldehyde, DEE: Diethyl ether 
 
The ethanol conversion was always high and decreased only slightly at the 
higher space velocity showing that almost all the ethanol was converted over 
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the ZSM-5 pre-bed. The selectivity to EDC decreased sharply for the higher 
space velocity indicating that it is formed almost exclusively on the second 
bed. This was confirmed by a study of ethanol reaction with HCl and air over 
the ZSM-5(50) alone, Table 8.6, which shows almost the same ethanol 
conversion, but low selectivity to EDC and higher selectivities to ethylene 
and ethyl chloride at the same reaction temperature. At both space velocities, 
the selectivity to EDC increased with reaction temperature at the expense of 
EtCl, further underlying the sequential nature of EDC formation. 
 
8.3.2.3 Effects of HCl and air composition 
Table 8.5 gives the effects of HCl and air compositions in the feedgas stream 
on the product distribution over ZSM-5(50) pre-bed and 14wt%CuCl2-
5wt%NaCl/γ-Al2O3 at 275
oC and 11550h-1 GHSV. The main products were 
EDC, EtCl, and ethylene. The minor by-products were methyl chloride, 
CH3Cl, acetaldehyde (AcA), vinyl chloride, VCM, and diethyl ether (DEE).  
 
Table  8.5: Effect of feed gas composition 
feed composition 
vol% 
EtOH Product selectivity, % 

















8 32 31 87 5.7 0.06 0.34 0.07 70 0.01 23.82 
8 18 31 93 9.9 0.07 0.56 0.08 58 0.02 31 
8 12 31 96 15 0.12 0.54 0.09 65.54 0.01 18.7 
            
8 18 22 92 10 0.05 0.47 0.07 73 0.01 16 
8 18 31 93 9.9 0.07 0.56 0.08 58 0.02 31 
8 18 45 94 9.7 0.1 0.47 0.1 73 0.01 16 
Bed 1: ZSM-5(50), bed 2: 14wt%CuCl2-5wt%NaCl/γ-Al2O3;T=275
o
C; 1barg 
AcA: acetaldehyde, DEE: Diethyl ether 
 
In both cases, a maximum in EDC selectivity (minimum EtCl) was observed 
indicating that an optimum feed composition was required for efficient EDC 
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formation. It is assumed this relates to the formation of the catalytically active 
state of the copper in the catalyst, as evidenced by XPS. These results may 
also explain the lower EDC yield over CuCl2/zeolite reported in US patents 
4,814,527 (1989) and 4,910,176 (1990)[59, 60]. It is believed that the high 
excess of air and low HCl/ethanol ratio was the reason why only 27% EDC 
selectivity was achieved. 
 
8.3.3 Reactions over ZSM-5 
In order to understand the role of zeolite in the direct production of EDC from 
ethanol in the dual-catalytic bed system, the ethanol reaction with HCl and air 
was studied over ZSM-5(280) and ZSM-5(50), Table 8.6. For both zeolites, 
the main product was EtCl with some C2H4 and EDC. The other by-products 
were methane, CH3Cl (methanol hydrochlorination), acetaldehyde, AcA 
(ethanol oxidation), VCM (EDC cracking), CHCl3 (CH3Cl chlorination), and 
DEE (ethanol dehydration).  
 
Table  8.6 EtOH oxychlorination over ZSM-5 
Feed (vol%): 8%EtOH, 18%HCl, 31%Air; GHSV = 11550h
-1
; 1barg 
AcA: acetaldehyde, DEE: Diethyl ether 
 
Two main parallel reactions took place over the zeolites: hydrochlorination of 
ethanol producing EtCl and water, and ethanol dehydration producing C2H4 






















250 94 8.8 0.13 2 0.12 88 0.12 0.02 0.42 
275 95 11 0.1 1.8 0.11 85 0.16 0 1.1 
ZSM-5 
(50)  
300 94 28 0.17 2.6 0.22 65 0.32 0 3.6 
            
250 80 6.2 0 0.96 0.82 91.67 0 0.32 0.03 
275 83 5.6 0.07 0.46 0.8 92.58 0 0.03 0.46 
ZSM-5 
(280) 
300 84 11 0.13 0.15 1 84.66 0 0.06 3 
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and water. Thermodynamic calculations showed that first reaction can 
proceed to completion at the conditions used. The relative contribution of 
these reactions depends on the temperature and zeolite properties. At lower 
temperature the selectivity is overwhelmingly towards EtCl. A higher 
reaction temperature leads to increased production of C2H4. EtCl 
disproportionates producing C2H4 and EDC according to reaction (8-Chapter 
7) compared to ethylene, and so ethylene is mainly produced by direct 
dehydration (6-Chapter 7). 
 
Comparing the results obtained from ZSM-5(280) and ZSM-5(50), Table 8.6, 
we see the effect of zeolite acidity. Ethanol conversion is higher for the more 
acidic zeolite. However, the selectivity to EtCl is lower and that to C2H4 is 
higher. It is also worth noting that despite the low level of EDC production, 
the higher zeolite acidity favours the disproportionation of EtCl producing 
EDC as expected. 
  
8.3.4 Dual-catalyst bed vs. physical mixture 
The efficiency of the 2-bed configuration for ethanol oxychlorination was 
compared to a physical mixture of ZSM-5(50) and 14wt%CuCl2-
5wt%NaCl/γ-Al2O3 catalyst. The results obtained from the physical mixture 
are given in Table 8.7. The physical mixture showed similar dependency on 
temperature to the dual-bed: high selectivity to ethyl chloride at 250oC and 
high selectivity to EDC at 300oC. However, ethanol conversion and the 
selectivity to EDC were always lower than achieved over the dual-catalyst 







Table  8.7 EtOH oxychlorination over a physical mixture of ZSM-5(50) + 14wt%CuCl2-
5wt%NaCl/γ-Al2O3 





















250 93 5.8 0.09 0.53 0.07 81 0.00 0.03 12 
275 84 5.9 0.06 0.93 0.26 45 0.00 0.06 47 
300 87 4.7 0.11 1.7 1.2 14 0.58 0.04 77 
Feed (vol%): 8%EtOH, 18%HCl, 31%air; GHSV = 11550h
-1
; 1barg 
AcA: acetaldehyde, DEE: Diethyl ether 
 
A significant difference was the higher selectivity to VCM at 300oC for the 
physical mixture. There could be several reasons for the difference between 
the dual-catalyst bed and the equivalent physical mixture. The ZSM-5(50) in 
the physical mixture is exposed to a significantly different gas composition 
compared to when it is a pre-bed, and this may give rise to more cracking of 
EDC. For example, in the separate bed configuration, the main EDC 
production was over the second bed and the only available sites for cracking 
would be the exposed surface of the γ-Al2O3 which has much lower acidity 
than ZSM-5(50)[32]. In the physical mixture, part of the EDC would be 
produced in the early zone of the reactor, leaving it exposed to further contact 
with the acid catalyst as it passed down the reactor leading to increased 




It was demonstrated that a dual-catalyst bed of zeolite + oxychlorination 
catalyst can be used for the selective production of ethylene dichloride from 
ethanol with minimum cracking to VCM. 80% EDC yield was achieved using 
a ZSM-5 pre-bed with ethyl chloride and ethylene as the main by-products. 
An optimum feed composition of HCl and air was required to activate the 
oxychlorination catalyst and maximize the EDC yield. The dual-bed 
configuration gave better performance than the equivalent physical mixture. It 
 139 
was shown that EDC was mainly produced by direct hydrochlorination of 
ethanol to ethyl chloride followed by the oxychlorination and 
disproportionation of ethyl chloride. Ethanol dehydration followed by 
ethylene oxychlorination playing the minor role in the temperature range 
studied. The experimental and simulation results open the possibility of a 



















9. Chapter 9. Conclusions 










The target of this research was to investigate the direct catalytical production 
of large scale petroleum feed products from bio-alcohols. These targeted 
products were: ethylene, ethylene oxide, acetaldehyde, and ethylene 
dichloride. The outcomes of this research are as follows: 
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Ethylene production from ethanol:   
It was demonstrated that H-mordenite(13) was found to have the 
highest activity for ethanol dehydration with 95% ethylene yield at 
230oC. Y-zeolite(80) and ZSM-5(50) had a similar level of activity 
with 98% ethylene yield at 300oC. However, heavy hydrocarbon 
deposits were noticed over the Y-zeolite. The effect of varying the 
SiO2/Al2O3 ratio was conducted among the ZSM-5 zeolites. The 
activity to ethanol dehydration was, in descending order, ZSM-5(50), 
ZSM5(280) and silicalite (no alumina). 
 
Ethylene oxide and acetaldehyde production from ethanol: 
Attempts were made to produce ethylene oxide directly from ethanol. 
Even though the exact typical epoxidation Ag/α-Al2O3 catalyst 
preparation method and operating conditions mentioned in the 
literature were followed, all trials failed. It is believed that the failure 
to successfully repeat the ethylene epoxidation reaction was the main 
reason why ethylene oxide could not be produced from ethanol. On 
the other hand, it is expected that the bi-functional approach would 
not be efficient for the production of ethylene oxide due to the 
expected rapid isomerisation reaction of ethylene oxide producing 
acetaldehyde.  
 
Nevertheless, it was demonstrated that bi-functional zeolite supported 
Ag catalysts are efficient for the partial oxidation of ethanol to 
produce acetaldehyde with a 0.2% maximum production of CO2. By 
increasing the Ag loading on the support, acetaldehyde production can 
be increased. However, the dehydration activity will be decreased. 
The increase in temperature contributes to increasing the production 
of acetaldehyde by increasing the partial oxidation of ethanol as well 
as activating the catalyst dehydrogenation activity. It was also found 
that, the lower the dehydration activity of the support, the higher the 
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acetaldehyde selectivity. The production of acetaldehyde can be 
increased by increasing the O2 partial pressure in the feed stream. 
However, other oxygenate by-products will also be produced. 
 
Moreover, it was demonstrated that zeolite supported Cu-Ag 
bimetallic catalysts have better performance for the partial oxidation 
of ethanol compared to Ag or Cu alone catalysts. The yield to 
acetaldehyde can be enhanced 2.5 times over the bimetallic system 
compared to Ag alone catalyst. It was also demonstrated that an 
optimum level of Cu:Ag ratio and O2:EtOH feed ratio is required to 
achieve the optimum ethanol conversion and acetaldehyde selectivity. 
Further increase in Cu loading caused a reduction in the catalyst 
activity either due to phase segregation and/or Cu particles 
agglomeration, especially at temperatures higher than 300oC.  The 
increase in O2 concentration increased the production of acetaldehyde 
over the bimetallic catalysts. However, any further increase led to 
enhanced production of COx. The results open the possibility for a 
process for the production of acetaldehyde from bioethanol.   
 
Ethylene dichloride production from ethanol: 
It has been shown that ethanol can be used, efficiently, as a feed stock 
for the production of ethylene dichloride instead of petroleum 
ethylene. 60% EDC yield was achieved with ethyl chloride and 
ethylene as by products. Minor by-products were methyl chloride, 
acetaldehyde, and vinyl chloride. An optimum feed composition of 
HCl and air was required to activate the catalyst and maximize the 
EDC yield. EDC production has a direct relationship with the reaction 
temperature as well as CuCl2 loading. The uncovered zeolite area was 
responsible for the dehydration and chlorination of ethanol producing 
ethylene and ethyl chloride. These, then, were oxychlorinated and/or 
disproportionated producing EDC. 
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It was, also, demonstrated that a dual-catalyst bed of zeolite and 
oxychlorination catalyst can be used for the selective production of 
ethylene dichloride from ethanol with minimum cracking to VCM. 
80% EDC yield was achieved using a ZSM-5 pre-bed with ethyl 
chloride and ethylene as the main by-products. An optimum feed 
composition of HCl and air was required to activate the 
oxychlorination catalyst and maximize the EDC yield. The dual-bed 
configuration gave better performance than the equivalent physical 
mixture. It was shown that EDC was mainly produced by direct 
hydrochlorination of ethanol to ethyl chloride followed by the 
oxychlorination and disproportionation of ethyl chloride. Ethanol 
dehydration followed by ethylene oxychlorination playing the minor 
role in the temperature range studied. The experimental and 
simulation results open the possibility of a process from bio-ethanol to 
EDC. 
 
9.2 Significance and potential impact 
The replacement of petroleum feedstock by an environmentally friendly, 
sustainable feed stock has been the target, not only for academic researchers, 
but also for governments all around the world since the 70’s. There are 
already large scale petrochemical plants using bio-derived ethylene feedstock 
in Brazil and India. However, the use of bio-derived alcohols in a single stage 
production process has not got the equivalent attention. This research opens 
the opportunity to explore the possibility to utilize such processes. In this 
work, it has been demonstrated for the first time that a very high yield of 
ethylene dichloride can be achieved directly from ethanol in a single stage 
process. Moreover, a reaction network was proposed for this reaction which 
can lead to a better catalyst design for even higher EDC yield and HCl 
conversion. Combining the experimental and the simulation results show the 
feasibility for an efficient single stage process. Such process could be 
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integrated with EDC pyrolysis process for the production of VCM or could be 
used to balance a typical EDC process. The partial oxidation of ethanol has 
been studied in the literature. However, the use of zeolite supported silver and 
copper-silver bimetallic catalysts for this reaction was first considered in this 
research. The production of ethylene and diethyl ether as byproducts is not 
necessarily a disadvantage. In an integrated process for the production of 
acetaldehyde from ethanol the unreacted ethanol could be recycled and the 
by-products could be integrated with other ethylene based chemical plants 
while DEE could be sold as fuel additive, or integrated with a power plant to 
produce energy. Moreover, the levels of ethanol conversion and acetaldehyde 
selectivity could be promising for the direct production of butadiene from 
ethanol. 
 
9.3 Recommendations and Future work 
The target of this research was to investigate the direct, single stage 
production of large scale petrochemicals from bio-derived feedstocks. In 
order to validate the concept of such reactions, high purity alcohols were used 
in all experiments. However, a typical bio-derived feedstock, either produced 
via fermentation or syn-gas routes, consists of mixed alcohols, impurities 
such as sulfur, as well as a lot of water. This composition depends on the 
production route, production conditions and the used bio-source. Therefore, 
the performance of the proposed catalyst systems should be examined for 
different feed compositions of ethanol, water, and other impurities those 
correspond to different bio-ethanol production schemes. More specific 
recommendations for each reaction are suggested below. 
9.3.1 Ethanol oxidation 
Even though the direct production of ethylene oxide from ethanol was not 
achieved, it is still believed that it is possible to do so, specially, over a 
double bed catalytic system. The first step is to obtain a catalyst that is active 
for the epoxidation reaction of ethylene. H-mordenite can be used as a pre-
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bed for its high dehydration activity at 230oC. With, almost, complete ethanol 
conversion, ethylene can efficiently be epoxidized over the 2nd bed. The only 
concern that should be considered is the production of water over the pre-bed. 
Experiments with water and ethylene as feed mixture should be conducted 
over the active ethylene epoxidation catalyst. Moreover, the use of promoters 
such as Cs were not conducted in this study and their use is recommended for 
future work. 
 
For acetaldehyde production, the dependence of the results on GHSV, 
operating pressure and ethanol partial pressure should be investigated. O2 
consumption could be compared to the actual acetaldehyde production. This 
would offer a better understanding of the reaction mechanism and, therefore, 
a catalyst with better performance could be designed. Also, the catalyst 
properties, such as zeolite acidity, and the use of promoters could be 
optimized. A bi-metallic system that consists of only ppm copper on silver 
was planned to be tested. However, due to the lack of time, it has not been 
done. It is highly recommended to test such system for acetaldehyde 
production and determine if the selectivity can be improved. Performance 
experiments of the proposed catalyst when bio-derived ethanol is used are 
essential for a bio-derived process. The use of other active compounds, such 
as vanadium to be supported over zeolite catalysts is also recommended.  
 
9.3.2 Ethanol oxychlorination 
For the EDC direct production from ethanol, the challenge is to optimize the 
catalyst properties and reaction conditions to maximize EDC production, HCl 
conversion, and minimize VCM production. The use of a modern commercial 
oxychlorination catalyst, varying the ethanol partial pressure and operating 
conditions are recommended to see if VCM could be minimized. The ratio of 
the two beds could also be optimized. The stability and life time of the 
catalysts is an important characteristic and it is highly recommended to be 
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investigated for future work. The use of promoters could be considered to 
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11. Appendix A 




Provided by: Dr. Laura Torrente-Murciano   
 
 
Reactor: Gibbs reactor in chemical and phase equilibrium 
 
Reaction:  ECHClEthylene ↔+  
 
Conditions: 
 Temperature: 200 – 400 ºC 
 Pressure: 1 atm 
 Flowrate: 200 mL/ min 































































Reaction:  EthyleneHClEC +↔  
 
Conditions: 
 Temperature: 200 – 400 ºC 
 Pressure: 1 atm 
 Flowrate: 200 mL/ min 





























































Reaction:  HClEthyleneHClEC +↔+  
 
Conditions: 
 Temperature: 200 – 400 ºC 
 Pressure: 1 atm 
 Flowrate: 200 mL/ min 



































































Reaction:  OHideEthylchlorHClEtOH 2+↔+  
 
Conditions: 
 Temperature: 200 – 400 ºC 
 Pressure: 1 atm 
 Flowrate: 200 mL/ min 
















































































13. Appendix B 










GC calibration data for EDC production reaction using 60/80 mesh 


















FID GC Chromatogram example: EtOH oxychlorination over dual bed system  






C2H4 1.8 2.62 
CH3Cl 2.5 1 
acetaldehyde 3.3 0.517 
VCM 4.6 1 
EtCl 5.8 1.2 
EtOH 6.4 1 
CHCl3 13.4 1.05 
DEE 13.6 2.99 
EDC 14.7 0.76 





















15. Appendix C 
16. Experimental Results 
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10wt%Ag/ZSM-5(280), T=300oC, GHSV=9860h-1 




Vol.% vol. ratio X, % DEE AcA C2H4 
9.3 28.94 33.65 19.08 46.44 
4.6 29.79 22.93 55.50 20.37 28 
2.3 29.59 14.88 65.99 17.33 
      
2.3 36.79 19.37 66.41 10.05 
0.9 44.82 2.86 90.94 2.68 
0.5 45.52 0.63 93.49 0.58 
0.4 45.38 0.29 93.10 0.52 
6 





Ethanol oxidation over supported Ag-Cu bi-metallic catalysts 
EtOH:O2 = 5, GHSV=9860h-1 
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